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Water is vital to the survival of all living organisms including pathogenic microbes. 
The quality of the world’s water is increasingly threatened as human populations 
grow, industrial and agricultural activities expand, and as climate change threatens to 
cause major alterations of the hydrologic cycle. A wide range of human and natural 
processes affect the biological, chemical and physical characteristics of water and thus 
impact water quality. Contamination by pathogenic organisms, trace metals, human-
produced and toxic chemicals; the introduction of non-native species; and changes in 
the acidity, temperature, and salinity of water can all harm aquatic ecosystems and 
make water unsuitable for human use. Poor water quality threatens the health of 
people and ecosystems, reduces the availability of safe water for drinking and other 
uses, and limits economic productivity and development opportunities. Agriculture 
can cause nutrient and pesticide contamination and increased salinity. Nutrient 
enrichment has become one of the planet’s most widespread water quality problems 
[1]. The application of pesticide is estimated to be over 2 million metric tonnes per 
year globally [2]. Industrial activity releases about 300-400 million tons of heavy 
metals, solvents, toxic sludge, and other waste into the world’s waters each year [1, 
3]. Mining and drilling create large quantities of waste materials and by-products and 
large-scale waste-disposal challenges. In recent times, environmentalists have become 
increasingly concerned about the pollution of surface waters. The World Health 
Organization (WHO) estimated that about 80% of ill-health especially in developing 
countries are water related [4]. 
There are many causes for water pollution but two general categories exist: direct 
(point) and indirect contaminant (non-point) sources. Direct sources include effluent 
outfalls from factories, refineries, waste treatment plants etc. that emit fluids of 
varying quality directly into urban water supplies. In the United States and other 
countries, these practices are regulated, although this does not mean that pollutants 
cannot be found in these waters. 
Indirect sources include contaminants that enter the water supply from 
soils/groundwater systems and from the atmosphere via rain water. Soils and 
groundwater contain the residue of human agricultural practices (fertilizers, 
pesticides, etc.) and improperly disposed of industrial wastes. Atmospheric 
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contaminants are also derived from human practices (such as gaseous emission from 
automobiles, factories and even bakeries). 
Industry is a huge source of water pollution. It produces pollutants that are extremely 
harmful to people and the environment. Many industrial facilities use freshwater to 
carry away waste from the plant into rivers, lakes and oceans. 
Pollutants from industrial sources include asbestos, lead, mercury, nitrates, 
phosphates, sulphur, oils and petrochemicals. Table 1.1 shows the classes of non-
point source of water pollution. 
Table 1.1 Classes of non-point source of water pollution [5]. 
Agriculture   Pollutants 
 
• Animal 
• Feedlots 
• Irrigation 
• Cultivation 
• Pastures 
• Dairy 
• Farming 
• Orchards 
• Aquaculture 
Runoff from all categories leading to surface 
and groundwater pollution. Vegetable 
handling, especially washing in polluted 
surface waters in many developing countries, 
leads to the contamination of food supplies. 
Growth of aquaculture is becoming a major 
polluting activity in many countries. Irrigation 
return flows carry salts, nutrients and 
pesticides. 
Phosphorus, 
nitrogen, metals, 
pathogens, 
sediment, 
pesticides, salts, 
trace elements 
(e.g. selenium) 
Forestry Increased runoff from disturbed land. Most 
damaging is forest clearing for urbanization. 
Sediment, 
pesticides. 
 
Liquid waste 
disposal 
Liquid wastes disposal from municipal 
wastewater effluents, sewage sludge, industrial 
effluents and sludges, wastewater from home 
septic systems on agricultural land and 
dumping in watercourses. 
Pathogens, metals, 
organic 
compounds. 
Urban areas   
 
• Residential  
• Commercial  
• Industrial 
Urban runoff from roofs, streets, parking lots, 
etc. leading to overloading of sewage plants 
from combined sewers, or polluted runoff 
routed directly to receiving waters; local 
industries and businesses may discharge wastes 
to street gutters and storm drains; street 
cleaning; road salting contributes to surface 
and groundwater pollution. 
Fertilizers, greases 
and oils, faecal 
matter and 
pathogens, organic 
contaminants (e.g. 
PAHs1 and 
PCBs2), heavy 
metals, pesticides. 
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Rural sewage 
systems 
Overloading and malfunction of septic systems 
leading to surface runoff and/or direct 
infiltration to groundwater. 
Phosphorus, 
nitrogen, 
pathogens (faecal 
matter). 
 
Transportation Roads, railways, pipelines, hydro-electric 
corridors, etc. 
Metals, organic 
contaminants, 
pesticides 
(especially 
herbicides). 
Mineral 
extraction 
Runoff from mines and mine wastes, quarries, 
well sites. 
Acids, metals, 
oils, organic 
contaminants, salts 
(brine). 
Deep well 
disposal 
Contamination of groundwater by deep well 
injection of liquid wastes, especially oilfield 
brines and liquid industrial wastes. 
Salts, heavy 
metals, organic 
contaminants. 
Atmospheric 
deposition 
Long-range transport of atmospheric pollutants 
and deposition of land and water surfaces. 
Considered as a significant source of pesticides 
(from agriculture, etc.), nutrients, metals, etc., 
especially in pristine environments. 
Metals, organic 
contaminants. 
 
1PAH = Polycyclic Aromatic Hydrocarbons 
2 PCB = Polycyclic Chlorinated Bi-Phenyls 
 
The removal of lead and nitrate ions has been discussed in this thesis. In addition, ion 
selective electrode has been fabricated to determine the concentration of nitrate ion in 
vegetables, soils and water samples. 
Nitrate 
Nitrogen is an essential element for all living matter. Nitrogen exists in different 
oxidation states such as NO3- (+5), NO2- (+3), and ammonium NH4+ (-3). Pollution of 
water resources by excessive presence of nitrogen compounds such as nitrate, nitrite 
and ammonium, is a real health and environmental problem [6]. The heavy utilization 
of artificial fertilizers and the uncontrolled discharges of raw material have been 
known to cause the penetration of large nitrate and phosphate quantities in the ground 
and surface waters [7‒9]. Nitrate can also reach both surface water and groundwater 
from wastewater treatment and from oxidation of nitrogenous waste products in 
Page | 6  
 
human and animal excreta, including septic tanks. Nitrate can also be formed 
chemically in distribution pipes by Nitrosomonas bacteria during stagnation of nitrate-
containing and oxygen-poor drinking water in poor galvanized steel pipes [10]. 
Nitrates also occur naturally in the environment, in mineral deposits, soil, seawater, 
fresh water systems and the atmosphere. Nitrate and nitrite are commonly used as a 
preservative and for colour enhancement of processed meats [11, 12]. In recent years 
contamination of nitrate in groundwater has been growing concern worldwide. Power 
and Schepers [13] have already reviewed the nitrate contamination in North America. 
For European and Asian countries, similar surveys for the nitrate contamination in 
groundwater were carried out [14, 15]. The contamination of surface water with 
nitrates causes eutrophication. This is the excessive growth of plants in surface water 
that results from excessive inflow of nutrients. This inflow compromises the quality 
of water through pollution and consuming this water could have adverse effects on 
human health including diarrhoea and other waterborne diseases. Water polluted 
eutrophication could harbour dangerous microorganisms that are responsible for 
causing infectious diseases. The foul smell created by algae in water polluted with 
nitrates is also harmful to human health [16]. WHO recommended [10] 50 mg L-1 as 
nitrate in drinking water which is based on epidemiological evidence for 
methaemoglobinaemia in infants, which results from short-term exposure and is 
protective for bottle-fed infants and consequently, other population groups. Elevated 
concentrations of nitrate in drinking water have negative effects on the health of 
humans. Higher occurrence of cancer in the brain and central nervous system were 
found to exist in places with high concentrations of nitrate [17]. Nitrates in drinking 
water can cause non-Hodgkin lymphoma [18, 19]. Exposure to nitrates may also be a 
contributing factor to thyroid disease development [16]. Nitrate toxicity affects 
humans especially infants who often suffer from methemoglobinemia which is a 
condition that affects children below six months. This condition is common in infants 
and not humans in other stages of life because infants have very high concentrations 
of nitrate metabolizing triglycerides [20]. In infants, methemoglobinemia is called 
blue baby syndrome. The following reaction shows the formation of methaemoglobin; 
Hgb[Fe(II)]O2 +  NO2- + 2H+     →    Hgb[Fe(III)] + O2• + NO2 + H2O2 
Oxyhaemoglobin                                  Methaemoglobin 
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Lead 
Lead is dispersed throughout the environment primarily as the result of anthropogenic 
activities. In the air, lead is in the form of particles and is removed by rain or 
gravitational settling. The solubility of lead compounds in water is a function of pH, 
hardness, salinity, and the presence of humic material. Solubility is highest in soft, 
acidic water. The concentration of dissolved lead in most natural water systems, 
which usually contain dissolved carbon dioxide and have a pH near 7, is very low. 
Highly saline waters or strongly acid waters may contain appreciable higher 
concentration of lead in solution, but such waters tend to be very restricted in 
distribution. Lead(II) is freely available to complex with ligands such as hydroxide, 
chloride, carbonate, bicarbonate and sulphate. 
The distribution of various species of lead in aqueous solution as a function of pH is 
shown in Fig. 1.1 [21]. Lead(II) equilibria in aqueous system and their equilibrium 
constants are reported in Table 1.2. It was observed that, under low pH (<6) 
conditions, free ionic Pb2+ appears to be the dominant species, and the neutral species, 
PbSO4(aq), accounts for about 5 percent of the total dissolved lead. Within the pH 
range of 6.5 to 7.5, the main species of lead appears to be free ionic species (Pb2+) and 
the neutral complex species (PbCO3(aq)) with minor percentage of the species 
consisting of PbHCO3+ (about 15 percent), PbSO4(aq) (<5 percent) and PbOH+ (<5 
percent). Between the pH range 7 to 9, the neutral complex species PbCO3(aq) 
dominates. At pH values exceeding 9, in addition to PbCO3(aq), a significant fraction 
of soluble lead is present as the anionic carbonate complex, Pb(CO3)22-. 
Lead exposure occurs when lead dust or fumes are inhaled or when lead is ingested 
via contaminated hands, food, water, cigarettes or clothing. The lead absorbed in the 
body can be transferred to the foetus through the placenta [23]. Lead entering the 
respiratory and digestive system is released into the blood and distributed throughout 
the body. Blood lead levels as low as 2 μg dL-1 may not cause distinctive symptoms 
but are associated with decreased intelligence and slower neurobehavioural 
development in the form of cognitive and language deficits. Recent studies suggest 
that lead absorption is harmful at any concentration and that no safe level of lead 
exposure exists [24-27]. 
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Fig. 1.1. The distribution of lead aqueous species as a function of pH. [The 
species distribution is based on a concentration of 1 μg L-1 total dissolved lead]. 
 
Piped water supplies may be contaminated through lead pipes, lead-soldered copper-
pipes, lead-containing brass joints on plastic pipes, or from other parts of the water 
system. Lead dissolves particularly easily in acidic or soft water. The final 
concentration depends on the time the water stays in contact with the lead 
components. The water flowing through the distribution system causes the corrosion 
to occur and lead can be released in a soluble or insoluble form depending on the 
water chemistry. The release of lead in drinking water due to corrosion and some 
other activities is shown in Fig. 1.2.  
There are small amounts of lead in foodstuffs but there is a surplus exposure for a 
proportion of the population with lead transferred by old plumbing systems to 
drinking water [28]. The lead content of drinking-water varies considerably. Fertmann 
and coworkers [29] have investigated the extent of lead exposure through tap water in 
Hamburg, Germany and the relevance of preventive strategies. This study showed a 
large variation in lead concentration in tap water from less than 5 μg L-1 to 330 μg L-1. 
High concentrations of lead in drinking water are of concern for children, especially 
for bottle fed babies if the formula feed is prepared from tap water. Therefore, the 
current standard set out for drinking water is 10 μg L-1 [30]. 
Page | 9  
 
 
Table 1.2. Lead(II) equilibria in aqueous system and their constants [22]. 
Equilibrium log K 
Pb2+ + H2O ⇌ PbOH+ + H+ –7.22 
Pb2+ + 2 H2O ⇌ Pb(OH)2(aq) + 2 H+ –16.91 
Pb2+ + 3 H2O ⇌Pb(OH)3– +   3 H+ –28.08 
Pb2+ + 4 H2O ⇌ Pb(OH)42– + 4 H+ –39.72 
2 Pb2+ + H2O ⇌Pb2OH3+ + H+ –6.36 
3 Pb2+ + 4 H2O ⇌Pb3 (OH)42+ + 4 H+ –23.86 
Pb2+ + CO32– ⇌PbCO3(aq)  7.10 
Pb2+ + 2 CO32– ⇌ Pb(CO3)22–  10.33 
Pb2+ + H+ + CO32– ⇌PbHCO3+ 12.59 
Pb2+ + SO42– ⇌ PbSO4(aq)  2.73 
Pb2+ + 2 SOR42– ⇌ Pb(SO4)22–  3.50 
Pb2+ + Cl– ⇌ PbClP+ 1.60 
Pb2+ + 2 Cl– ⇌PbCl2(aq)  1.80 
Pb2+ + 3 Cl– ⇌ PbCl3– 1.70 
Pb2+ + 4 Cl– ⇌ PbCl42–  1.40 
Pb2+ + F– ⇌ PbF+ 2.06 
Pb2+ + 2 F– ⇌ PbF2(aq)  3.42 
 
Treatment Technologies 
Recent attention has been focused on the development of more effective, lower-cost, 
robust methods for water treatment, without further stressing the environment or 
endangering human health by the treatment itself [31, 32]. Several methods such as 
coagulation, membrane process, ion exchange, adsorption, dialysis, foam floatation, 
osmosis, photocatalytic degradation and biological have been used for the removal of 
toxic pollutants from water and wastewater. However, their applications have been 
restricted by many factors, such as processing efficiency, energy requirement, 
engineering expertise, economic benefit and infrastructure, all of which precludes 
their use in much of the world. 
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Fig. 1.2. Sources and fates of lead in drinking water. 
 
Ion-Exchange 
The ion-exchange process is widely used for purification, separation, and 
decontamination purposes in the food and beverages, chemical, pharmaceutical, 
water, power, and nuclear industries. Typical commercial ion exchangers are ion-
exchange resins, zeolites, clays and synthetic inorganic ion exchangers which can be 
either cation exchangers or anion exchangers depending on their chemical structures 
[33, 34]. Most of the ion-exchangers have been used for water treatment and hence, 
ion-exchange equipment has been developed based on water treatment practice. The 
ion-exchange capacity and selectivity of an ion-exchange material for a particular 
process depend on several factors, including but not limited to its chemical structure 
and the size and charge of the ions. Ion-exchange processes have also found 
applications in nuclear industries, particularly for radioactive waste disposal 
applications [35-38]. These wastes are generated during fuel rod reprocessing, power 
generation, radiochemical research, and defence related activities. . However, ion-
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exchange resins are not much more thermally stable. In view of this, inorganic ion 
exchangers have been developed which were found to be thermally much more stable 
[39, 40]. 
There are two types of chemical species which act as ion-exchange sites in inorganic 
ion exchangers [41]: 
(i) Structure-terminating, covalently bonded groups such as –OH 
(ii) Charge compensating groups-electrostatistically associated with a charged 
moiety. 
Among the synthetic inorganic ion exchangers studied so far, zirconium(IV) 
phosphate is one of the earliest and most extensively studied material. Tin(IV) based 
materials have also found almost the same attention due to their great chemical and 
thermal stability. Their thermal stability was found to increase by the addition of 
silicon in their structure. In addition,three component inorganic ion exchangers having 
two polybasic acidic groups show increased ion exchange capacity as they can release 
H+ ions in different steps due to the difference in the stability constants of the two 
polybasic acids involved [42]. Polyoxometalates have receivd considerable attention 
as synthetic inorganic ion exchangers for trace level separations of cations due to 
excellent stability of these materials towards thermal radiation dose and nuclear waste 
processing [43]. A new ion-exchanger having chemical formula 
[Me2NH2]3[Mo12O40S] was synthesized and characterized by single-crystal X-ray 
structure determination. The material is significantly stable towards thermal, chemical 
environments and total radiation dose of 35.0 kGy and was used for radiochemical 
separation of the short-lived daughter carrier-free 90Y (T1/2 = 64.08 h) from its long 
lived parent 90Sr (T1/2 = 29 years) using 1.0% EDTA solution as an eluent [44]. A 
novel cellulose acetate-tin (IV) molybdate nanocomposite exchanger was 
synthesized by sol-gel method. Its ion exchange capacity was found to be 1.56 meq 
g-1. The material showed high affinity for Pb2+ and Cd2+ ions. The ion exchanger 
was used for the separation of Pb2+ from a number of metal ions [45]. Several 
inorganic ion exchangers have been synthesized for separation of metal ions which 
are summarized in Table 1.3.  
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Table 1.3.  Inorganic ion exchangers with characteristic properties. 
Ion Exchange Materials     Empirical Formula/Composition IEC* 
(meq g-1) 
Selectivity References 
Anilinium Zr(IV) phosphate (ZrO2)2(C6H5NH2)2.HPO4.3.7H2O 1.87 Co2+, Zn2+, Cd2+, 
Hg2+ 
46 
Anilinium Sn(IV) phosphate Sn(IV):C6H5NH2:PO43-::4:2:1 1.68 Hg2+, Pb2+, Pt2+ 47 
Cr(III) arsenophosphate Cr:As:P::2:1:1 0.74 Fe3+ 48 
Ce(IV) phosphate CeO2.P2O5.nH2O 2.26 Na+ 49 
Ce(IV) phosphosilicate (CeO2)2(SiO2)3 (H3PO4)4.nH2O ‒ ‒ 50 
Ce(IV) Zr(IV) phosphate (CeO2) 2(ZrO2) 1.25 (P2O5).14H2O 1.50 Pb2+, Cu2+ 51 
Sn(IV) molybdotungstate [(SnO2)(H3MoO3)1.4558(H3WO4)21.5828]34H2O 0.86 Y3+ 52 
Sn(IV) arsenosilicate (SnO2)4.2.SiO2(HAsO3)2.05.(H2O)1.91.11.97H2O 1.60 ‒ 53 
Sn(IV) boratomolybdate ‒ 1.12 Zr4+, Th4+ 54 
Sn(IV) iodophosphate ‒ ‒ ‒ 55 
Sn(IV) molybdophosphate Sn:Mo:P=1:0.33:2 ‒ Hg2+ 56 
Sn(IV)selenoiodate ‒ 1.84 Cr3+, Al3+, Zr4+ 57 
Sn(IV) sulphosalicylate Sn(IV):Sulphosalicylic acid::1:2 1.64 Zr4+, Pb2+ 58 
Sn(IV)) antimonysilicate (SnO2)1.2 .SiO2.(H3SbO4)1.4 0.90 Zn2+ 59 
Sn(IV) tungstovanado 
Phosphate 
‒ 2.06 Th4+, Zr4+ 60 
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Oxides of titanium and 
manganese 
TiO2-MnO2 ‒ Li+ 61 
Pyridine/tin(IV) 
tungstoselenate 
‒ - Co2+, Fe2+ 62 
Ti (IV) tungstoarsenate ‒ 0.86 Rb+ 63 
Ti (IV) arsenosilicate ‒ ‒ Pb2+ 64 
Ti (IV) arsenophosphate Sn(HAsO4)(HPO4) .H2O  5.36 ‒ 65 
Ti (IV) phosphosilicate - ‒ Zr4+, Nb5+, Cs+ 66 
Ti (IV) molydophosphate Ti(IV):Mo:P::28.6:31.4:1.1 1.3 Zr4+, 
UO22+, Pb2+ 
67 
Ti(IV)-2carboxyethyl 
Phosphonate 
Ti(PO3CH2CH2COOH)2 5.68 Cr3+ 68 
Zr(IV) arsenate vanadate [(ZrO)9(HAsO4)6(V3O9)(OH)3]n.10.4H2O 1.30 Cr3+ 69 
Zr(IV) iodooxalate (ZrO)2(IO3)(HC2O4)3.nH2O 
 
2.70 Ca2+ 70 
Zr(IV) arsenophosphate (ZrO2)(H3AsO4)(H3PO4).nH2O ‒ Fe3+, Al3+ 71, 72 
Zr (IV) phosphoborate ‒ ‒ La3+ 73 
Zr (IV) aluminophosphate [ZrOAl.(PO4)(HPO4).nH2O] 2.1 Pb2+ 74 
Zr(IV) phosphosilicate - 2.2 Cs+ 75 
Zr(IV) tin(IV) molybdate (ZrO2)(SnO2) (H2MoO4)2.7H2O 1.19 Pb2+, Bi3+, Co2+ 76 
Zr(IV) selenophosphate (ZrO)5(OH)4(HSeO3)2(H2PO4).2H2O 1.51 Th4+, Fe3+, 
UO22+ 
77, 78 
 
Zr(IV) iodomolybdate [(ZrO)3(OH)(HMoO4)4]n.5.8H2O 1.54 Hg2+ 79, 80 
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Zr(IV) iodophosphate (ZrO)7(OH)(IO3)(HPO4)6.12H2O 1.78 La3+, Al3+ 81, 82 
Zr(IV) selenomolybdate Zr:Se:Mo :: 2.5: 0.7:1.6 0.94 Cd2+ , Co2+ , Pb2+ 83 
Zr(IV) tungstoarsenate ‒ ‒ UO22+, Cs+, Tl+ 84 
Zr(IV)tungstophosphate (ZrO2) .(WO3)3.(H3PO4)6.nH2O 1.88 Cu2+ , Cd2+ , Al3+ 
, Fe3+ 
85,86 
 
Zr(IV) iodovanadate    (ZrO2)(IO3)(V3O9).nH2O 4.20 Electron 
exchanger 
87 
 
Zr(IV) tungstomolybdate (ZrO)(OH)2(H2WO4)4(H2MoO4)3·8H2O 2.40 ‒ 88 
Zr(IV) phenylethylamine ‒ 1.40 WO4-, AsO3- 89,90 
Ethanolamine/hydrous Zr(IV) 
oxide 
ZrO2 (OHCH2CH2NH2 ) 1.32 Cr2O72-, MnO4- 91 
Zr (IV) sulphosalicylate Zr(IV):sulphosalicylic acid::1:1  0.63 Zr4+, Ag+, Bi3+ 92 
Zr(IV) selenoiodate [(ZrO)5(OH)4(HSeO3)2(IO3)4]. 5.36 H2O 3.20 Pb2+ 93 
Zr(IV) iodosulphosalicylate (ZrO)2(HIO3)(C6H3COOH.OH.SO3) 
(OH)4.5.32 H2O 
1.58 Pb2+ 94 
Zr(IV) 
phosphosulphosalicylate 
Zr2 (HPO4) (C6H3COOH.OH.SO3)3 
(OH)3.nH2O 
2.22 Pb2+, Al3+, Cr3+ 95 
Zr(IV) phosphonate-
phosphates 
Zr(O6P2C6H4)1-x/2 (O3POH)x.nH2O 
x= 0.5.0.8,1.33 and 1.6 
5.28 Tb3+ 96 
 
Zr(IV) iodo-succinate (ZrO) (IO3) (H6C4O4).nH2O 3.0 Ca2+ 97 
*IEC = Ion-exchange capacity
Page | 15  
 
Adsorption 
Adsorption is one of the most effective processes of advanced water treatment 
technologies, that industry and academic researchers widely employ for the removal 
of various pollutants. The adsorbents may be of minerals, organic or biological origin, 
industrial by-products, agricultural wastes, biomass, zeolites and organic-inorganic 
hybrid materials [98, 99]. Various low cost adsorbents derived from agricultural 
waste, industrial by-product or natural material have been examined for removal of 
heavy metals such as Cd(II), Cr(III), Cr(VI), Cu(II), Ni(II) and Zn(II) from industrial 
wastewater [100]. Flyash as a low cost adsorbent was used to remove Pb(II) and 
Fe(II) from aqueous solution [101]. The maximum adsorption capacity of flyash for 
Pb(II) and Fe(II) was 78.5 mg g-1 and 80.0 mg g-1, respectively. The potential of 
Buriti fiber, an industrial agro residue, as adsorbent was investigated for the removal 
of Cu(II)R, Ni(II)R, Pb(II) and Cd(II) from industrial effluents [102]. The utility of iron-
rich sandy soil as low cost adsorbent for removal of Pb(II) from aqueous system was 
examined [103].The results revealed that the adsorption efficiency of 97% could be 
achieved over the pH range 3.5‒5.0. The adsorption capacity of the material for Pb(II) 
was found to be 1.0 mg g-1 and the equilibrium adsorption data followed the 
Langmuir isotherm model. The pigeon peas hulls powder, a low cost agricultural by-
product, was used as adsorbent for removal of Pb(II) and Ni(II) from aqueous 
solutions [104]. The adsorption capacity for Pb(II) was 23.64 mg g-1. The adsorption 
equilibrium data fitted well with Langmuir model as compared to Freundlich model. 
The adsorption of Ni(II) onto fungal mat of Trametes versicolor (rainbow) biomass 
was studied [105].The maximum monolayer adsorption capacity of the adsorbent  for 
Ni(II) was 212.5 mg g-1 at pH 4.0. The experimental kinetic data followed pseudo 
second order kinetic model. Also the application of magnetic adsorbent technology 
for separation of pollutants in water has received considerable attention in recent 
years. Currently, super paramagnetic iron oxide nanoparticles have been used in 
adsorption technology for environmental remediation [106]. The combination of 
modified magnetic nanoparticles and activated carbon to cellulose have created a new 
nanocomposite adsorbent which showed high adsorption capacity for Cu(II), Pb(II) 
and Zn(II). Adsorption experiments revealed that the adsorption processes were 
spontaneous and endothermic in nature. The adsorption process was controlled by a 
combination of physical and chemical adsorptive mechanisms [107].  
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Various materials have been assessed for removing Pb(II) from water environment by 
adsorption (Table 1.4). During the past decade, great efforts have been devoted to the 
preparation of a variety of hybrid organic-inorganic material for wastewater 
treatment.  
 
Table 1.4. Adsorbents used for removal of Pb(II) and their adsorption 
characteristics. 
Adsorbent pH 
Maximum  
adsorption 
capacity(mg g-1) 
Isotherm  
model Reference 
Litchi Pericarp 6‒7 78.13 Langmuir & 
Freundlich 
108 
Acid modified cattle biomass 4.9 3.21 Langmuir 109 
Wheat bran 4-7 87 Langmuir/ 
Freundlich 
110 
Crop milling waste 5.0 49.97 - 111 
Mustard husk 6 30.48 Langmuir/ 
Freundlich 
112 
Barley straws 6.0 23.20 Langmuir 113 
Rice husk 5 91.74 Freundlich 114 
Extracellular polymeric 
substances extracted from 
Klebsiella sp.J1 
6 99.5 Langmuir 115 
Poly(aniline-co-3-
aminobenzoic acid)-based 
magnetic core shell 
nanocomposite 
6 138.31 Langmuir 116 
Reduced-graphene oxide-
supported nanoscale zero 
valent iron composite 
5 910 Langmuir 117 
Fe3O4@SiO2-EDTA 5 114.94 Langmuir 118 
Carboxymethylated Lyocell 
fiber 
4‒5 353.45 Redlich-
Peterson 
119 
Polyaniline grafted chitosan 6 13.23 Freundlich 120 
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Magnetic carboxylated cellulose 5-6 63.78 Langmuir 121 
Glutaraldehyde cross-linked chitosan 8 166.67 Langmuir 122 
Thiol-functionalized Fe3O4@SiO2 7 0.54 Langmuir 123 
MgO-SiO2 ≥7 102.02 Langmuir 124 
Titanium dioxide/multiwalled     carbon 
nanotubes 
2-7 1.37 Langmuir 125 
Modified duolite XAD-761 resins 3.7 42.66 Freudlich 126 
Manganese oxide-coated carbon nanotubes 7 78.74 Langmuir 127 
Na-rectorite 3-5 17.9 Freundlich 128 
Multiwalled carbon 
nanotubes/Polyacrylamide  
5.0 19.84 Langmuir 129 
Dendrimer/titania 7.0 450 Langmuir 130 
Polyacrylamide ferric antimonite 4.0 5.33 Freundlich 131 
Cellulose-manganese oxide 5.0 80.1 Sips 132 
Iron-oxide coated sorbents 6.0 5.0 Langmuir/ 
Freundlich 
133 
Chitosan-xanthate  4.0 322.6 Langmuir/ 
Freundlich 
134 
Bentonite-3 aminopropylethoxy silane 6.0 27.65 Sips/Langmuir 135 
Manganese dioxide-loaded adsorption resin 4.5 141 Langmuir 136 
Manganese oxide-coated sand 6.0 147.06 Temkin 137 
Hydroxyapatite/polyurethane 
composite foams 
5.0 150 Langmuir 138 
Calcium hydroxyapatite ‒ 85 ‒ 139 
Carbonate hydroxyapatite 6.0 94.3 Langmuir 140 
Nano-silversol-coated activated carbon 5.5 23.81 Langmuir/ 
Freundlich 
141 
Activated carbon  5 36.0 Langmuir 142 
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Several physicochemical and biological methods have been developed to remove 
excess nitrate from water. Generally adsorption is considered to be the most 
advantageous and attractive technology for elimination from water. Several 
adsorbents such as naturally occurring, carbon-based, agricultural wastes, biosorbents, 
ion exchange resins and synthetic organic-inorganic hybrid materials have been used 
for the removal of nitrate from water [147]. The performance of modified sugarcane 
bagasse vermicompost as adsorbent was assessed to remove nitrate from aqueous 
solution [148]. The optimum conditions were observed at a final pH of 3.78, 120 min 
contact time and adsorbent dose of 2 g L-1. The maximum nitrate removal efficiency 
was 49.58% under optimum experimental conditions. Ground coconut copra and corn 
cob particle surfaces were modified by amine grafting to increase the surface positive 
charge. Batch and fixed-bed nitrate adsorption studies were performed on these 
amine-grafted adsorbents [149]. The maximum adsorption capacities for nitrate were 
found to be 59.0 and 49.9 for amine-grafted coconut copra and corn cob, respectively. 
Bio-adsorbents have also been used for removal of excess nitratre from wastewater. 
Recently, green algal powder was tested for its feasibility to remove nitrate from 
wastewater [150]. It was observed that the removal efficiency increased with 
increasing adsorbent dose. Jordanian zeolite modified with cationic surfactant, 
hexadecyltrimethylammonium bromide, was used as an adsorbent for removal of 
nitrate from water [151]. It was observed that the adsorption equilibrium data 
followed Redlich-Peterson, Freundlich and Dubinin-Radushkevich models better than 
the Langmuir isotherm model. Various other adsorbents have also been employed for 
the removal of nitrate from water environment (Table 1.5). 
 
EDTA-modified silica SBA-15 5.0 273.2 Langmuir 143 
Polyethyleneimine functionalized magnetic Fe3O4 6‒
7 
143 Langmuir 144 
Poly(acrylic acid)-Bentonite - 93.01 Langmuir 145 
Nanosized hydratedZr(IV) oxide/Cation exchange 
resin D-001 
2‒
6 
319.4 - 146 
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Hybrid organic-inorganic materials 
The development of organic-inorganic hybrid materials has received much attention 
with respect to their specific chemical reactivity and flexibility of organic functional 
groups, attractive mechanical properties and thermally stable inorganic backbone. The 
structures of organic-inorganic hybrid materials include both organic and inorganic 
units that interact with each other at the molecular level. Although these materials are 
macroscopically homogeneous, their properties reflect the nature of the chemical 
building blocks from which they are composed. The blending of organic and 
inorganic components and synergism of their properties in one material is particularly 
useful and allows the development of the materials with totally new properties. 
On the basis of interaction between organic and inorganic components, the organic – 
inorganic hybrid materials can be classified into two general classes; Class I and Class 
II [178, 179]. In class I, organic and inorganic components are linked together through 
weak interactions such as hydrogen bonding, vander waals, π-π or weak electrostatic 
interaction. In class II, the organic and inorganic components are held together 
through strong covalent or coordinating bonds. Obviously, within many class II 
hybrid materials, organic and inorganic components can also interact via the same 
type of weak bonds that define the class I hybrids. 
Biopolymers such as chitin, chitosan and sodium alginate have been widely used for 
decontamination of heavy metal ions from aqueous solution [180-182]. Chitin 
exhibited low sorption capacity and hence utilized to a lesser extent for the removal of 
heavy metal ions. Attempt has been made to modify chitin to enhance the sorption 
capacity for the removal of heavy metal ions [183-188]. Recently, Karthik and 
Meenakshi [189] have modified chitin with polypyrrole and used as an adsorbent for 
the removal of Pb(II) and Cd(II) ions from aqueous solution. The plausible 
mechanism for the uptake of Pb(II) and Cd(II) ions by chitin modified with 
polypyrrole may be ion exchange and electrostatic attraction followed by 
complexation. 
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Table 1.5. Adsorbents used for removal of nitrate and their adsorption 
capacities. 
 
Adsorbent 
 
pH 
Maximum 
adsorption 
capacity(mg g-1) 
 
Isotherm 
model 
 
Reference 
Nano-alumina 4.4 4.0 Langmuir 152 
Chitin 6.5 200 Langmuir & Freundlich 153 
Activated Carbon 
(F400) 7 8.68 Langmuir 154 
Activated perlite 5.0 32.63 - 155 
Activated carbon 
prepared from Rice 
husk and Sludge of 
paper industry 
4.0 93.5 and 79.5 Langmuir 156 
Activated Ethiopian 
bentonite 5.0 5.0 Langmuir 157 
ZnCl2 treated 
coconut granular 
activated carbon 
5.5 10.2 Langmuir 158 
Bamboo powder 
charcoal ‒ 1.25 Langmuir 159 
Layered double 
hydroxides ̴ 8.5 20‒35 Langmuir 160 
Chitosan hydrobeads 5.0 92.1 Langmuir 161 
Cross-linked chitosan 
beads 5.0 104.0 Langmuir 162 
Impregnated almond 
shell activated carbon 6.2 16‒17 ‒ 163 
Wheat straw charcoal ‒ 1.10 Freundlich 164 
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Sepiolite activated 
red mud ‒ 38.16 Freundlich 165 
Quaternary 
ammonium-
functionalized 
mesoporous silica 
‒ 62.5 Langmuir 166 
Activated carbon 
derived from rice 
straw 
3‒9 8.2 ‒ 167 
Natural clay 2‒4 244.06 Langmuir 168 
Magnetic pyridinium-
functionalized 
mesoporous silica 
8 108.81 Langmuir 169 
Graphene 6.5‒7.5 89.97 Langmuir 170 
Propyl ammonium 
functionalized 
mesoporous silica 
6‒7 45 ‒ 171 
Mg-Al layered 
double hydroxide 7 117.8 Langmuir 172 
Boron wastes 3 63.2 Langmuir 173 
Amine functionalized 
cellulose grafted 
epichlorohydrin 
4.5 158.3 Freundlich 174 
Hydrous bismuth 
oxide 7 4.3 Freundlich 175 
Fe/Pt nanoparticles 7 103 Langmuir 176 
Granular chitosan-
Fe3+ complex 3-10 36.98 
Langmuir-
Freundlich 177 
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Tyrosine-containing hybrid material was synthesized in two steps [190]. In the first 
step, titanium-tyrosinate was prepared. In the second step, hydrolysis of a mixture of 
titanium-tyrosinate with poly-3-glycidyloxy propyltrimethoxysilane (poly-GPTS) was 
carried out to form hydrolysed poly-GPTS / Ti-tyrosinate compound. Scheme 1.1 
shows the synthesis of hydrolysed Ti-tyrosinate / Poly-GPTS. The material was 
characterized by several techniques.  
Si
Hydrolysis with 0.1M HCl
OCH3
H3CO
O-CH-CH2
H2C
CH2
Si
OH
O
O
Ti
O
OH
CH
CH2
C6H4OH
NH2
O
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3
C CH2 3
CH2 O
O
n OCH3
Tyr  ( Ti ) 2 ( On Bu) 2 O
n
O
O
4
 
Scheme 1.1 Synthesis of hydrolysed Ti-tyrosinate / Poly-GPTS. 
It contains a large number of highly electronegative oxygen and nitrogen atoms and 
thus acts as a potential adsorbent for the removal Pb(II), Ni(II), Cu(II) and Zn(II) ions 
from aqueous solution. 
Zhu and co-worker [191] have synthesized cobalt phosphate-based organic-inorganic 
hybrid nanobelts in the presence of trioctylamine via a solvothermal system. The 
formation of the nanostructure proceeds through two reactions. In the first step, 
trioctylamine molecules undergo C-N bond cleavage to form octylamine through the 
redox reaction between Co(III) and trioctylamine. In the second step, octylamine was 
protonated and then incorporated into the inorganic frame work which lead to 
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formation of organic-inorganic hybrid nanobelts. The material showed excellent 
removal ability for Pb(II) ions. 
Recently, organic-inorganic hybrid materials with functionalized ionic groups, 
zwitterionic hybrid polymers have attracted much interest in the separation field 
[192,193]. The zwitterionic hybrid polymers have unique pendant-side structure 
which allows their application in the removal of heavy metal ions from aqueous 
solution via an electrostatic interaction between ionic groups and metal ions. A series 
of zwitterionic hybrid polymers have been prepared from the ring-opening 
polymerization of pyromellitic acid dianhydride and phenylaminomethyl 
trimethoxysilane and a subsequent sol-gel process [194, 195]. Liu and co-workers 
[196] have synthesized zwitterionic hybrid polymers which contain two types of 
anionic (ie, ‒COOH and –COO-) groups and one type of cationic (ie, ‒N+‒) group in 
the polymer chains. The structure of the zwitterionic hybrid polymer is shown in 
Scheme 1.2. Due to the presence of ionic groups, the adsorption of metal ions is pH 
dependent. 
Recently, acrylamide zirconium(IV) sulphosalicylate has been synthesized by 
intercalating acrylamide into zirconium(IV) sulphosalisylate [197]. The distribution 
coefficient values for some metal ions were evaluated in different solvent systems 
which follow the order: Cd(II) > Pb(II) Zn(II) > Co(II) > Sn(II). The extent of Cd(II) 
removal was studied. It was suggested that this material can be used as a potential 
adsorbent for the removal of Cd(II) from polluted water. Polyacrylamide 
zirconium(IV) iodate was synthesized by sol-gel technique [198]. 
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Scheme 1.2. Structure of the zwitterionic hybrid polymer. 
Sorption studies revealed that the hybrid material has high affinity for Pb(II) ions in 
comparison to some other transition metal ions. The ion exchange capacity was 3.27 
meq g-1 for Pb(II). On the basis of distribution coefficient values, Pb(II) was separated 
from Hg(II), Cu(II), Ni(II), Fe(III) and Cd(II)  using the column packed with 
polyacrylamide Zr(IV) iodate. Polyacrylamide chromium(III) oxide was developed as 
a solid phase extraction sorbent for As(III) [199]. The sorption of As(III) was studied 
through batch and column methods. The sorption capacity for As(III) was found to be 
25.64 mg g-1 at 300C. The sorption study also revealed that As(III) can be 
quantitatively retained on polyacrylamide chromium(III) oxide over the pH range 
6.5‒7.5. In addition, several adsorbents have been developed based on the 
incorporation of poly-o-toluidine into inorganic matrix. Poly-o-toluidine Th(IV) 
phosphate was employed as an adsorbent to study the adsorption thermodynamics and 
kinetics of Mancozeb from aqueous solution [200]. The adsorption of mancozeb onto 
poly-o-toluidine Th(IV) phosphate was exothermic, spontaneous and decreases on 
increasing the temperature. Poly-o-toluidine Sn(IV) tungstate was prepared by 
incorporating the polymer into the precipitate of Sn(IV) tungstate [201]. The material 
is highly selective for Cd(II). Poly-o-toluidine Zr(IV) phosphate has been developed 
as a cation-exchanger and its ion exchange capacity was found to be 1.71 mg g-1 
[202]. TEM photograph shows the particle size of the material within the range of 
42.0-100.0 nm. The sorption study revealed that the material is highly selective for 
Hg(II). Therefore, binary separations such as Hg(II)-Pb(II), Hg(II)-Cu(II), Hg(II)-
Co(II), Hg(II)-Fe(III) and Hg(II)-Sr(II) have been carried out using column method. 
Poly-o-toluidine zirconium(IV) iodosulphosalicylate has been synthesized and 
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characterized using various analytical techniques [203]. The hybrid material is highly 
selective for Cr(III). The adsorption kinetic data revealed that the adsorption of Cr(III) 
onto the hybrid material was explained well by pseudo first order kinetic model. To 
explore the analytical applicability, distribution coefficient values for various metal 
ions have been determined in different concentrations of nitric acid. On the basis of 
Kd values some binary separations such as Cr(III)-Cd(II), Cr(III)-Fe(III), Cr(III)-
Pb(II), Cr(III)-Ni(II), etc were achieved using small column packed with poly-o-
toluidine zirconium (IV) iodosulphosalicylate. The physico-chemical properties of 
poly-o-toluidine zirconium(IV) tungstate have been examined using FTIR, XRD, 
TGA and SEM coupled with EDX [204]. The material is thermally stable and showed 
cation exchange properties. The sorption of metal ions was studied in different solvent 
systems which pointed towards high selectivity for Hg(II). Therefore, Hg(II) was 
separated from a number of metal ions using column method. The experimental 
parameters were optimized for the synthesis of poly-o-toluidine stannic molybdate 
[205]. The material showed improved thermal and ion exchange properties. XRD 
pattern revealed its semicrystalline nature. The material was found to be selective for Hg(II) andPb(II). The analytical applications of this material have been demonstrated 
by separating Hg(II) from thermal power plant effluents and Pb(II) from lead storage 
battery industry wastes. 
Ion-selective electrode 
Chemical sensors are analytical devices which can deliver real-time and on-line 
information on the presence of specific compounds or ions in complex samples. The 
analyte recognition process takes place followed by the conversion of chemical 
information into an electrical or optical signal. Among various classes of chemical 
sensors, ion-selective electrodes (ISEs) are one of the most frequently used 
potentiometric sensors in various fields.  
The ion-selective membrane is the most important component of all ion-selective 
electrodes. The membranes consist either of liquid electrolyte solutions or of solid or 
glassy electrolytes that usually have negligible electron conductivity under the 
condition of measurement. The membrane responds selectively to one ion in the 
presence of other ions. Polymer membrane electrodes consist of various ion-exchange 
materials incorporated into an inert matrix such as PVC, polyethylene or silicone 
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rubber. The membrane is formed, it is sealed to one end of a PVC tube/glass tube. The 
membrane separates two solutions of a single ionic species with different ionic 
activities (a1 and a2). Generally, the concentration of inner filling solution is kept 
constant and a saturated calomel electrode (SCE) is dipped into the internal solution 
which acts as internal reference electrode. The membrane with internal solution and 
internal reference electrode is called ion-selective membrane electrode. This ion-
selective membrane electrode is immersed in test solution or external solution and an 
external reference electrode is also immersed in the test solution. Then the membrane 
potential is given by the expression: 
E = Eo ± RTZF ln [aanalyte] 
Where RT
F
 = 0.059 volt at 298 K and Z is the charge of the analyte. Thus the potential 
developed at the membrane surface is related to the concentration of the species of 
interest. 
Ion-selective electrodes based on polyvinyl chloride (PVC) membrane are widely 
used for the determination of various metal ions in industrial and environmental 
samples. ISEs have many advantages including simplicity, fast and easy preparation 
procedures, low cost, fast response times, wide concentration ranges, low detection 
limits and renewability [207–216]. The clinical applications of ion selective 
electrodes for electrolytic ion tests have been reviewed [217]. 
A large number of ion selective electrodes (ISEs) using different types of 
electroactive compounds embedded in PVC membrane have been developed during 
the past two decades. An itaconic acid based nano-sized Ca(II) imprinted polymer of 
about 65 nm in diameter was synthesized. The synthesized polymer was incorporated 
into PVC membrane to fabricate Ca(II) selective electrode [218]. The electrode 
response was linear in the concentration range of 1×10-6 – 1×10-1 mol L-1. The 
electrode was also used as indicator electrode in the determination of Ca(II) via 
complexometric titration with EDTA. The mixed potential theory was successfully 
utilized to design an ionophore-based PVC membrane K(I) ion-selective electrode 
[219]. Iodide-selective membrane electrode was fabricated using PVC membrane 
immobilized with phthalocyaninatotitanium(IV) oxide as a sensing carrier [220]. The 
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electrode displayed a stable Nernstian response with a linear dynamic concentration 
range of 9.2×10-7– 1.0×10-1 mol L-1. The electrode has been used successfully in 
determining the end point in electrometric titration of iodide with AgNO3. The 
detection of titanium (III) cation using a new PVC-membrane sensor based on 
synthesized tris(2pyridyl) methylamine ionophore was carried out [221]. The 
membrane with the optimized composition of 5.0:61.5:33.0:0.5 (mg) tris(2pyridyl) 
methylamine:di-n-octyl phthalate:PVC:potassium tetrakis(4-chlorophenyl) borate 
showed the best Nernstian response towards Ti(OH) (OH2)52+ cation species. The 
detection limit of the electrode was 8.0 x 10-7 mol L-1. This electrode was also 
employed as indicator electrode in potentiometric titration of TiCl3 with EDTA. In 
addition, ion-selective electrodes have also been developed for determination of 
pharmaceuticals in different matrices. PVC membrane electrodes for the 
determination of amitriptyline hydrochloride were fabricated based on the use of 
amitriptyline-molybdovanadate and amitriptyline-molybdotungstate as electroactive 
materials and dioctylphthalate as the plasticizing agent [222]. Both the electrodes 
showed good reproducibility, low detection limit, fast response time and applicability 
over the concentration range 1.0×10−4– 1.0×10−2 mol L−1 amitriptyline hydrochloride. 
The isothermal coefficient values for both the electrodes were evaluated. Alrabiah and 
coworkers have developed two PVC membrane sensors for assaying phenobarbitone 
sodium. The fabrication of sensors 1 and 2 were done using β- or ϒ-cyclodextrin as 
ionophore in the presence of tridodecylmethylammonium chloride as a membrane 
additive, and PVC and dioctyl phthalate as plasticizer [223]. The limits of detection 
were found to be 3.5 × 10-6 and 7.0 × 10-6 mol L–1 for sensors 1 and 2, respectively. 
Both sensors show good accuracy and precision in the pH range 9-11 and are of 
comparable performances. In addition, various ion selective electrodes have been 
developed for determination of ionic species which are summarized in Table 1.6.  
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Table 1.6. Performance characteristics of Ion-Selective membrane electrodes containing different electroactive material. 
Electroactive material Ionic species pH Slope 
(mV/decade) 
Linear range (mol L-1) LOD (mol L-1) Reference 
Tetraphenyl borate Dimethylbenzyl 
ammonium ion 
3.5 ‒7.5 57‒59 1× 10-5 ‒ 1× 10-2 ‒ 224 
Poly-o-toluidine zirconium 
phosphoborate 
Hg(II) 2.5‒10.0 28.0 1× 10-7 ‒ 1× 10-1 7.08 × 10-8 225 
1-((3-((2hydroxynaphthalen-
1-yl)methyleneamino)-
2,2dimethylpropylimino) 
methyl)naphthalen-2-ol 
Pb(II) 5.0 – 7.2 25.79 1× 10-6 ‒ 1× 10-1 4 × 10-7 226 
Polypyrrole/Electrochemically 
reduced graphene/glassy 
carbon 
 NO3− ‒ 56.2 1× 10-5 ‒ 1× 10-1 1× 10-5.2 227 
Methyltridodecylammonium 
nitrate/grapheme oxide 
 NO3− ‒ 57.9 1× 10-4.3 ‒ 1× 10-1 3× 10-5 228 
 
Tridodecylmethylammonium 
nitrate 
 NO3− 2 – 11 58 1× 10-5 ‒ 1× 10-1 1× 10-5 229 
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N,N-bissuccinamide-based 
dendrimer 
 NO3− 2.8 – 9.6 57 1× 10-5 ‒ 1× 10-1 3.9× 10-5 230 
Tetra cyclo-4-pyrrole ether  NO3− ‒ 57.5 1× 10-5 ‒ 1× 10-2 1× 10-5 231 
 
Sulfonic phenylenediamine Pb(II) 2.7 - 5 30 1× 10-6 ‒ 1× 10-3 1.26 × 10-5 232 
Polysulfoaminoanthraquinone  Pb(II) ‒ 29.3 1× 10-6.3 ‒ 1× 10-1.6 1.6 × 10-7 233 
 
Polyphenylenediamine Pb(II) ‒ 29.8 3.6× 10-6 ‒ 3.16× 10-2 1× 10-5 ‒ 1× 10-1 234 
 
N’N’’N’’’-tris(2-
pyridyloxymethyl) ethane 
Pb(II) ‒ 30 1× 10-5 ‒ 1× 10-1 1× 10-5 235 
 
Potassium hydrogen sulphate  NO3− ‒ 54.30 5 – 1000 mg L-1 1.5 mg L-1 236 
4-Amino-3-hydrazino-6-
methyl-1,2,4-triazin-5-one 
 
Cr(III) 2.7 – 6.6 19.7 1× 10-6 ‒ 1× 10-1 5.8 × 10-7 237 
 
Page | 30  
 
Tri-o-thymotide Cr(III) 2.8 – 5.1 20.0 4 × 10-6 ‒ 1× 10-1 2 × 10-7 238 
Bis-thiourea ligand  NO3− 3 – 10 -57 1× 10-7 ‒ 1× 10-1 ‒ 239 
 
Urea-calixarene ionophores  NO3− ‒ -72.8 1× 10-5.0 ‒ 1× 10-1 1× 10-6 240 
 
Bis(2-hydroxyacetophenone) 
butane-2,3-dihydrazone 
Cu(II) 2.8 – 5.8 29.6 1× 10-8 ‒ 1× 10-2 3 × 10-8 241 
 
Prenalterol-tetraphenyl borate Prenalterol ‒ 56.0 1.2× 10-5 ‒ 3.2× 10-2 ‒ 242 
 
Poly o-toluidine Zr(IV) 
iodosulfosalicylate 
Cr(III) 3-7 22 3.16 × 10-6 ‒ 1 × 10-1 1.584 × 10-6 243 
 
2,3,10,11-tetraphenyl-
1,4,9,12-tetraazacyclohexa 
deca-1,3,9,11-tetraene Zn(II) 
complex 
Br- 3.5 – 9.5 59.2 2.2× 10-6 ‒ 1 × 10-1 1.4 × 10-6 244 
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2.1. INTRODUCTION 
Water pollution caused by nitrate has become a serious environmental problem 
worldwide [1, 2]. The increasing concentration of nitrate in ground and stream waters 
is mainly due to excessive use of nitrogenous fertilizers, disposal of untreated 
municipal and industrial wastes, erosion of natural deposits, poultry hog or cattle 
manure and by-products of organic compounds from agriculture [3-5]. The level of 
nitrate concentration also rises during heavy rain episodes [6]. Nitrates are extremely 
soluble in water and can move easily through soil into the drinking water supply. The 
elevated concentration of nitrate in surface and ground water causes eutrophication of 
water bodies such as bays, lakes and ponds. The growth of algae and aquatic plants 
are stimulated by eutrophication which can endanger the aquatic life and deteriorate 
the water quality [2]. High nitrate level in drinking water leads to production of 
nitrosamine, which is related to cancer and increases the risk of diseases such as 
stomach cancer in adults [2, 7] and ‘blue baby syndrome’, a potentially fatal blood 
disorder in infants [8]. World health organization [9] and US Environmental 
protection agency [10] have set the maximum contamination level of 50 mg L-1 and 
10 mg L-1 NO3−, respectively. Therefore, it is required to reduce the nitrate 
concentration in drinking water below the permissible level. 
Several physicochemical and biological methods have been developed for the removal 
of nitrate from water. These include biological denitrification [11, 12], electrodialysis 
[13] reverse osmosis [14], ion exchange [15], adsorption [16] and catalytic reduction 
[17]. The use of biological methods seems to be more effective in the treatment of 
wastewater containing high concentration of nitrate. The drawback associated with 
such techniques is the maintenance of optimum condition and contamination by dead 
bacteria. On the other hand, adsorption process for removal of nitrate from wastewater 
is considered most suitable among other wastewater treatment technologies because 
of low energy requirements, simplicity of design and possibility of reusing after 
regeneration. Recently, functionalized natural zeolite has been tested for removal of 
nitrate from drinking water [18]. Its adsorption capacity for nitrate was 12.35 mg g-1. 
Several amino-functionalized mesoporous silica materials have been synthesized and 
protonated forms of such materials have been applied to remove nitrate from water 
[19]. Fabrication of a novel composite carbon electrode has been reported for 
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selective removal of nitrate in presence of chloride ion by coating a nitrate selective 
anion exchange resin onto a carbon electrode [20]. Cetylpyridinium bromide was used 
to modify aluminosilicate minerals to enhance the nitrate adsorption [21]. Currently 
zirconium polyacrylamide hybrid material [22] and ion exchange resins such as 
Amberlite IRA-400 [23] and Amberlite IRN 9766 [24] have been investigated for 
removal of nitrate. The equilibrium sorption data were analyzed using different 
isotherm models; the Sips model gives the best fit to the experimental adsorption data 
[23]. Anion exchange membrane with a quaternary ammonium functional group was 
investigated for adsorption of nitrate from aqueous solution [25] and equilibrium 
sorption data showed that the adsorption pattern on membrane followed Langmuir 
isotherm. In addition, microparticles of crushed and dried plants such as Carpobrotus 
edulis, Launea arborescens and Withania frutescens have been used for removal of 
nitrate, phosphate and heavy metals from wastewater [26-28]. 
The aim of this work was to study the adsorption of nitrate from aqueous solution 
using hybrid poly-o-toluidine zirconium(IV) ethlenediamine (PTZE) as an adsorbent. 
The main objectives are: (i) synthesis and characterization of adsorbent (ii) 
experimental investigation of the effect of operating conditions (iii) modeling of 
isotherm data (iv) designing of single-stage batch adsorption system, and (v) study of 
thermodynamics of nitrate adsorption. 
2.2. EXPERIMENTAL 
2.2.1. Reagents 
The reagents used for the synthesis of composite material were zirconium oxychloride 
octahydrate (Otto Chemie. Pvt. Ltd. Mumbai, India), ethylenediamine (Merck, India), 
o-toluidine (Sd. Fine chem. Ltd. Mumbai, India) and ammonium persulphate (Thomas 
Baker Chemicals Pvt. Ltd. Mumbai, India). All other chemicals and reagents used 
were of analytical reagent grade. 
2.2.2. Instruments 
FTIR spectra were recorded with FTIR spectrophotometer (Interspec 2020, 
spectrolab, UK). The thermal analysis was carried out with DTG 60H Shimadzu 
thermal analyzer in nitrogen atmosphere at the rate of 10 0C min-1. The SEM images 
were recorded by using scanning electron microscope (JEOL JSM-6510LV). The 
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sample was also analyzed by X-ray diffractometer (PW 3050/60; X’PRO-PAN 
analytical, Netherland) with Cu Kά radiation (ά=1.540A). A digital ion-analyzer 
(Elico L1 126, India), and Eutech digital pH meter (cyberscan pH 2100) were used to 
measure the concentration of nitrate ion and pH of the medium, respectively. 
2.2.3. Synthesis of poly-o-toluidine zirconium(IV) ethylenediamine (PTZE) 
The synthesis of PTZE was carried out in two steps. In the first step, poly-o-toluidine, 
a green coloured gel was prepared by mixing 100 mL of 0.4M ammonium 
persulphate, prepared in 4M HCl, with 100 mL of 20% o-toluidine prepared in 2M 
HCl with continuous stirring on a magnetic stirrer at 0oC. In the second step, 
zirconium(IV) ethylenediamine was prepared by mixing 100 mL of 0.1M zirconium 
oxychloride with 0.1M aqueous ethylenediamine solution at room temperature; a 
white gelatinous precipitate was formed. Poly-o-toluidine was mixed with the white 
gelatinous precipitate of zirconium(IV) ethylenediamine. The pH of the resulting 
mixture was adjusted to 2 and stirred on a magnetic stirrer for 10h. The resultant 
product was left at room temperature for 24h for digestion. It was then filtered and 
washed with distilled water to remove excess acid. The washed gel was dried in an 
oven at 50oC. The dried product was immersed into distilled water for breaking into 
small particles. The small granules were converted into Cl− form by treating with 1M 
HCl for 24h with occasional shaking. The excess Cl− was removed by washing with 
distilled water and finally dried in an oven at 50oC. 
2.2.4. Chemical composition 
To determine the composition of PTZE, 0.2 g of the material was dissolved in 20 mL 
of concentrated H2SO4. The contents of zirconium and ethylenediamine were 
determined by spectrophotometry using alizarin red S [29] and 3-p-
iodophenyltetrazolium chloride [30] as reagents, respectively. Carbon, hydrogen and 
nitrogen contents of the material were determined by elemental analysis. 
2.2.5. Chemical stability 
To determine the chemical stability, portion of 250 mg of the material was immersed 
in 20 mL of various concentrations of HCl, HNO3, H2SO4, NaOH and distilled water 
for 24h with occasional shaking. The resulting solution was analyzed for the content 
of Zr(IV) and ethylenediamine spectrophotometrically [29, 30].  
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2.3. Adsorption experiments 
2.3.1. Adsorption procedure 
Adsorption experiments were conducted in batch mode using a known amount of the 
adsorbent with 50 mL of aqueous  NO3− solutions in a series of 100 mL conical flasks. 
The mixture was shaken at a constant temperature for a given period of time. The 
suspensions were filtered and the filtrate was analyzed for  NO3− content by ion 
analyzer. Further the experiments were carried out at varying conditions of pH, initial 
concentration, contact time and temperature. The retained nitrate concentration in the 
adsorbent phase was determined by the following equation: qt = (Co − Ct)V/m                                                                                                                 
(1) 
where Co (mg L-1) and Ct (mg L-1) are the concentration of  NO3− in the solution at 
time 𝑡 = 0 and time t, V is the volume of the solution (L) and m is the amount of 
adsorbent (g) added. 
2.3.2. Error analysis 
Following error functions were employed to find the most suitable isotherm model for 
representing the experimental data: 
(1) Chi-square, 𝜒2 
𝜒2 = ��(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑒,𝑐𝑎𝑙)2
𝑞𝑒,𝑐𝑎𝑙 �
𝑛
𝑖=1
 
 
(2) Sum of squared error , SSE SSE = �(qe,cal − qe,exp)2n
i=1
 
(3) Sum of absolute error, SAE SAE = ∑
=
−
n
i
icalee qq
1
,exp,
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(4) Marquardt’s percent standard deviation, MPSD 
2
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,exp,1100 ∑
=
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 −
−
=
n
i e
calee
q
qq
pn
MPSD  
where qe,cal is the calculated value, qe,exp is the experimental value, n is the number 
of data points and p is number of parameters. 
2.4. RESULTS AND DISCUSSION 
PTZE was prepared by sol-gel method and the conditions of synthesis are reported in 
Table 2.1. The chemical stability of PTZE was assessed in different concentrations of 
acids and NaOH. No dissolution occurred when the material was kept in 1M HCl, 1M 
HNO3, 1M H2SO4 and 0.1M NaOH for 24h. The study suggested the chemical 
stability of the material as this parameter is required for various applications in varied 
environment. 
X-ray diffraction pattern of PTZE obtained between 200 and 800 showed five peaks 
(Fig. 2.1) at 23.703, 37.209, 43.436, 63.667 and 76.680 with d-spacing of 3.75, 2.41, 
2.08, 1.46 and 1.24 A0, respectively. SEM images of zirconium(IV) ethylenediamine 
and PTZE are given in Fig. 2.2(a&b). The SEM image of zirconium(IV) 
ethylenediamine shows rough morphology with irregular shape and porous nature. A 
dramatic improvement of surface morphology is observed after incorporation of poly-
o-toluidine. This change in morphology is related to the coordination of N of poly-o-
toluidine with Zr.  
 
Table 2.1. Conditions for the synthesis of PTZE. 
 
S. 
NO. 
Mixing volume ratios(v/v) 
mL 
 
 
Mixing volume ratios(v/v) 
mL 
 
pH 
 
Stirring 
time(h) 0.1M of 
ZrOCl.8H2O 
in DMW 
0.1M of 
C2H8N2 in 
DMW 
20% of o-
toluidine in 2M 
HCl 
0.4M 
(NH4)2S2O8 
in 4MHCl 
1   100   100 - - 2.0 - 
2   100   100  100 100 2.0 10 
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Fig. 2.1. Powder X-ray diffraction pattern of PTZE. 
 
 
 
 
Page | 64  
 
 
 
 
 
Fig. 2.2.  SEM image: (a)  Zirconium(IV) ethylenediamine, (b) PTZE, (c) TEM 
image of PTZE. 
 
 
Page | 65  
 
TEM micrograph shows that the particle size lies in the range of 10-20 nm (Fig. 2.2c). 
FTIR spectrum (Fig. 2.3) exhibits absorption band at 1376 cm-1 which can be ascribed 
to C-N stretching vibration. The bands appearing at 3750 cm-1 and 1583 cm-1 may be 
attributed to N-H stretching and bending vibrations. The bands peaking at 621 cm-1 
and 438 cm-1 may be due to Zr-O and Zr-N stretching vibrations, respectively. The IR 
spectrum also shows the absorption bands which are the characteristics of benzene 
ring. The thermogravimetric curve of the composite material shows loss in mass of 
6.40% upto 175 oC which is due to the external water molecules. The weight loss 
(12.23%) from 175 oC to 470 oC may be due to the decomposition of organic 
molecule present in the matrix. The further weight loss upto 900 oC may be due to the 
complete decomposition of organic polymer part of the composite material (Fig. 2.4). 
Correlating the data with differential thermal analysis, an exothermic peak was 
noticed at 336oC confirming the decomposition of material [31]. An endothermic peak 
was observed at 94 oC in the DTA curve which indicated the loss of water molecules 
present as a free or bonded form in the matrix. 
 
 
Fig. 2.3. FTIR spectrum of PTZE. 
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Fig. 2.4. TGA and DTA curves of PTZE. 
 
The chemical and elemental analysis of PTZE show the following composition: Zr = 
17.98%, C = 42.58%, H = 7.09% and N = 15.56%. On the basis of chemical 
composition and literature background, the following structure of PTZE has been 
proposed (Scheme 2.1): 
N
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Scheme 2.1 Structure of PTZE 
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In the hybrid material, zirconium atom is chelated with two moles of ethylenediamine 
and bound with one oxo group and two –OH groups. N of poly-o-toluidine 
coordinates with Zr and remaining coordination sites of Zr are occupied by water 
molecules.  
TGA curve indicated 6.4% weight loss due to the removal of nH2O. Therefore, the 
value of ‘n’ the external water molecule can be calculated using the Alberti’s equation 
[32]: 
100*18
)18( nMXn +=                                                                                                         (2) 
where X is the percent weight loss of the material and (M+18n) is the molecular 
weight of the material. The value of n was found to be 1.8 per mole of the material.  
 
2.5. Sorption studies 
2.5.1. Effect of pH 
The effect of pH on the nitrate sorption onto PTZE was studied in the pH range 2 – 9 
using 0.2 g of adsorbent and 100 mg L-1 nitrate solution at room temperature (27 0C). 
The maximum sorption occurs in the pH range 3 – 6. At pH < 3 (Fig. 2.5), the 
sorption of nitrate is lower due to the competition of Cl− P ions (from HCl added to 
adjust pH) with nitrate ion for the adsorption sites. At pH > 6, the sorption capacity 
decreases due to the presence of OH- ions in the solution. The hydroxylated surface of 
PTZE developed positive charge in acidic medium. Positive charge is also developed 
on N-atom of poly-o-toluidine and hence the sorption of nitrate takes place due to 
electrostatic interaction between positively charged centers and nitrate ion. The 
adsorption of nitrate on PTZE can be expressed by following mechanism (Scheme 
2.2):  
(1) Zr-OH + H+  ⇌   ZrOH2+ 
(2)  ZrOH2+ + NO3−   ⇌   ZrOH2+----NO3−  
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Scheme 2.2 Mechanism of nitrate adsorption onto PTZE 
 
 
Fig. 2.5. Effect of pH on the adsorption of 𝐧𝐢𝐭𝐫𝐚𝐭𝐞 onto PTZE (adsorbent dose = 
0.2 g, concentration = 100 mg L-1, temperature = 270C). 
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2.5.2. Effect of contact time 
The adsorption capacity increases rapidly from 0 to 60 min and complete equilibrium 
of nitrate adsorption was obtained at 90 min. Therefore, optimum contact time was 
chosen as 90 min for subsequent measurements. 
2.5.3. Adsorption capacity 
The amount of nitrate adsorbed per unit mass of PTZE sorbent increases with increase 
in initial concentration of nitrate in solution (10-100 mg L-1). The results showed that 
the PTZE had adsorption capacity (qe,exp) of 20.09±0.25 mg g-1 for nitrate. The 
adsorption capacities (qm) of various adsorbents for nitrate ions under different 
environmental conditions are compared in Table 2.2. As can be seen from the table 
that the adsorption capacities of activated bentonite, wheat straw charcoal, bamboo 
powder charcoal, hydrous bismuth oxide, modified natural clinoptilite and modified 
organo-kaolinite clay are less than 10 mg g-1. The comparison of qm shows that PTZE 
exhibits reasonable capacity for nitrate. 
2.5.4. Equilibrium modeling 
Analysis of equilibrium data is important in developing an equation that can be used 
to design and optimize an operating procedure. In this study, the equilibrium data 
were analyzed by Langmuir, Freundlich, Temkin, Harkins-Jura and Hasley isotherm 
models. 
2.5.5. Langmuir isotherm 
Langmuir [41] developed a model for the adsorption of species onto a solid surface. 
Langmuir isotherm model assumes that the adsorption occurs at specific homogenous 
sites; all sorption sites at surface of the adsorbent are identical and energetically 
equivalent. The model further assumes that the forces of interaction between the 
adsorbed molecules are negligible and once an adsorbate molecule occupies a site no 
further adsorption takes place. Therefore, the adsorbent has a finite sorption capacity. 
The monolayer or saturated sorption capacity can be represented by the equation: qe = qmKL𝐶𝑒1+KL𝐶𝑒                                                                                                              (3) 
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Table 2.2 Adsorbents used for removal of nitrate and their adsorption capacities. 
 
 
Adsorbent 
 
pH 
Maximum 
adsorption 
capacity                
(mg g-1) 
 
Isotherm model 
 
Reference 
ZnCl2 activated 
carbon 3‒10 10.3 Freundlich [33] 
ZnCl2 treated 
coconut granular 
activated carbon 
4‒11 10.3 Langmuir [34] 
 Surfactant 
modified zeolite 1.6‒8.5 11.4 Freundlich [18] 
Activated bentonite 3‒5 8.68 Langmuir [35] 
Wheat straw 
charcoal ‒ 1.10 Langmuir [36] 
Mustard straw 
charcoal ‒ 1.30 Langmuir [36] 
Bamboo powder 
charcoal ‒ 1.09 Langmuir [37] 
Hydrous bismuth 
oxide 5‒10 0.51 Langmuir [38] 
Modified natural 
clinoptilite ‒ 2.5‒5.6 ‒ [39] 
Modified organo- 
kaolinite clay ‒ 0.028‒0.286 Frumkin [40] 
PTZE 4.5 20.09 Freundlich This work 
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The linear form of the Langmuir equation is expressed as: 
1
qe
=  1
qmKL  1𝐶𝑒 +  1qm                                                                                               (4) 
where 𝑞𝑒 is the solid phase sorbate concentration at equilibrium(mg g
-1), Ce is the 
aqueous phase sorbate concentration at equilibrium(mg L-1), qm is the monolayer 
adsorption capacity of the adsorbent (mg g-1) and KL represents the Langmuir 
isotherm constant (L mg-1). The plot of 1
qe
vs 1
Ce
 for adsorption of nitrate on PTZE at 27𝑜𝐶 is shown in Fig. 2.6. The values of qm R and KL were determined from the 
intercept and slope, respectively and reported in Table 2.3. The feasibility of the 
Langmuir model is usually expressed in terms of equilibrium parameter RL (i.e. 
separation factor) which is defined as: RL =  11+KLCO                                                                                                          (5) 
where CO and KL are initial concentration(mg L-1) and Langmuir constant, 
respectively. The value of RL predicts the nature of adsorption. The favorable 
adsorption is indicated when 0 < RL < 1. In the present investigation, the value of RL 
varies from 0.62 – 0.14 in the studied concentration range (10-100 mg L-1) which 
indicated the favorable adsorption of nitrate on PTZE. 
2.5.6. Freundlich isotherm 
Freundlich model assumes the heterogeneous surface and adsorption sites are 
distributed exponentially. The linear form of Freundlich isotherm [42] is expressed as: 
lnqe = lnkf + 1n  lnCe                                                                                                 (6) 
 where kf and n are Freundlich constants indicating the relative adsorption capacity of 
adsorbent and adsorption intensity, respectively. The values of 𝑘𝑓  and n were 
determined from the slope and intercept of plot of ln qe vs ln Ce (Fig. 2.7 A). The 
parameters of Freundlich isotherm are given in Table 2.3. The value of n was found 
to be 1.26 which indicated the favorable adsorption of nitrate.  
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Fig. 2.6. Langmuir adsorption isotherm (temperature 270C; initial pH 4.5). 
 
Fig. 2.7. (A): Freundlich adsorption isotherm and (B): Temkin adsorption 
isotherm (temperature 270C; initial pH 4.5). 
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Table 2.3. Adsorption isotherm parameters for nitrate adsorption onto PTZE. 
Isotherms Parameters* 
 
Langmuir 
Temp  (K) KL(L mg-1) 𝐪𝐦(mg g
-1) R2 χ2 SAE SSE MPSD (%) 
 300 0.0616 28.81 0.9977 2.641 8.723 76.09 8.723 
 
Freundlich 
 𝒌𝒇 n R2 χ2 SAE SSE MPSD (%) 
 300 1.743 1.26 0.9971 0.154 1.687 2.845 4.199 
 
Temkin 
 AT (L g-1) bT (J mol-1) R2 χ2 SAE SSE MPSD (%) 
 300 0.797 412.058 0.9383 0.705 3.429 11.758 8.535 
 
H-J 
 𝐀𝐇𝐉 𝐁𝐇𝐉 R2 χ2 SAE SSE MPSD (%) 
 300 0.197 0.215 0.8957 1077.88 19.726 389.115 49.101 
 
Halsey 
 𝑲𝑯 𝒏𝑯 R
2 χ2 SAE SSE MPSD (%) 
 300 2.03 1.269 0.9972 2405.37 19.922 396.886 49.589 
*𝒒𝒆,𝒆𝒙𝒑= 20.09±0.25 mg g-1 
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2.5.7. Temkin isotherm 
Temkin and Pyzher [43] studied the heat of adsorption and adsorbent-adsorbate 
interaction on surfaces. Temkin model is expressed by the equation: 
qe = RTbT lnAT + RTbT lnCe                                                                                             (7) 
where T is the absolute temperature, R is the universal gas constant (8.314 J mol-1 K1), 
AT the equilibrium binding constant (L g-1) and bT the Temkin constant which is the 
variation of adsorption energy (J mol-1). The Temkin plot, ( qe vs lnCe) for adsorption 
of nitrate on PTZE is presented in Fig. 2.7 B. The value of bT and AT were calculated 
from slope and intercept, respectively and summarized in Table 2.3. The Temkin 
adsorption potential (AT) of PTZE is 0.981 Lg-1 which indicated lower PTZE-nitrate 
potential. The low value of bT (412.058 J mol-1) suggested a weak interaction between 
PTZE and nitrate. 
2.5.8. Harkins-Jura isotherm model 
The multilayer adsorption and the existence of the heterogeneous pore distribution in 
the surface of the adsorbents are mainly described by Harkins-Jura isotherm model 
[44] which is expressed as: 
1
qe
2 =  BHJAHJ − 1AHj log Ce                                                                                               (8) 
where BHJ and AHJ are the Harkins-Jura constants. The value of AHJ and BHJ can be 
determined from the slope and intercept of the plot of 1/qe2 vs log Ce, respectively 
(Fig. 2.8A) and the relevant isotherm parameters are summarized in Table 2.3. 
2.5.9. Halsey isotherm model 
Halsey Isotherm [45] can be used to evaluate the multilayer adsorption process at a 
relatively large distance from the surface. Mathematically it is expressed as; 
lnqe = 1nH lnKH − 1nH ln 1Ce                                                                                           (9) 
where nH and KH are the Halsey constant, which can be calculated from the slope and 
intercept of the linear plot based on ln qe vs ln Ce (Fig. 2.8 B), respectively. The 
values of KH and nH  are given in Table 2.3. 
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Fig. 2.8. (A): Harkins-Jura adsorption isotherm, (B): Hasley adsorption isotherm 
(temperature 270C; initial pH 4.5). 
 
It has been reported that linearization plots may not be a significant basis to accept or 
reject a model [46]. Therefore, it is required to judge the suitability of the adsorption 
models from error analysis. The fitness of the simulated data with experimental data 
was established using the statistical parameters such as R2, χ2, SSE, SAE, and MPSD. 
The values of R2 for Temkin and Harkins-Jura isotherm models is less than 0.94 
which revealed that these models could not describe the experimental adsorption data. 
However, the value of R2 for Langmuir, Freundlich and Halsey isotherm models is 
greater than 0.99 which indicated the applicability of these models in describing the 
adsorption data. Moreover, lower values of χ2, SSE, SAE and MPSD for Feundlich 
model indicated the applicability of this model is better than that of Langmuir and 
Halsey isotherm models. 
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2.5.10. Designing of single-stage batch adsorption system from equilibrium data 
Adsorption isotherm data can be used to design the single-stage batch adsorption 
system [47]. The initial nitrate ion concentration was reduced from 𝐶𝑂 to 𝐶𝑡 at time t 
in a solution volume V. The nitrate ion uptake onto W mass of adsorbent was also 
changed from 𝑞𝑜 to 𝑞𝑡. Therefore, the mass balance equation for batch adsorption 
system can be represented as: V(CO − Ct) = W(qt − qO) = Wqt                                                                           (10) 
At equilibrium, Ct =  Ceand qt  =  qe 
 
 
Fig. 2.9. Design of single-stage batch adsorption system using Freundlich 
isotherm model for PTZE mass against volume of 𝐍𝐎𝟑− ion containing aqueous 
solutions at the initial concentration of 100 mg L-1. 
 
In this study Freundlich isotherm model was the best isotherm model and hence used 
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W
V
= (CO−Ct)
qt
= (CO−Ce)
𝑞𝑒
                                                                                         (11)     
W
V
= (CO−Ce)
kfCe
1
n
                                                                                         (12) 
Fig. 2.9 shows the plot of mass of adsorbent vs volume of solution at initial 
concentration of 100 mg/L for 60%, 70%, 80% and 90% removal of nitrate at 
different volume of solution (1-10 L). It is evident from the figure that 83.47 g of 
PTZE is required to remove 90% of nitrate from 10 liters of solution at an initial 
concentration of 100 mg L-1. 
2.5.11. Thermodynamic study 
The effect of temperature on the adsorption of nitrate onto the adsorbent was studied 
at  27oC, 350C, 40oC and 50oC keeping the constant initial concentration of nitrate 
(100 mg L-1). The thermodynamic parameters such as Gibb’s free energy (ΔGo), 
enthalpy change (ΔHo) and entropy change (ΔSo) have been evaluated using the 
following expressions: Ko = qeCe                                                                                                   (13) 
∆GO = −RTlnKO                                                                                                       (14)        
lnKO = ∆SOR − ∆HORT                                                                                                       (15) 
In this study,  lnKO was plotted against 1/T (Fig. 2.10) and the values of ΔHo and 
ΔSowere calculated from slope and intercept of plot, respectively and reported in 
Table 2.4. The value of ΔGo was found to be negative at all the temperatures studied 
and becomes more negative with increase in temperature. These suggested that the 
adsorption is spontaneous and degree of spontaneity increases with increase in 
temperature [48]. The positive values of ΔHo and ΔSo indicated the endothermic 
nature of adsorption process and the randomness at adsorbent/solution interface, 
respectively.  
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Fig. 2.10. Van’t Hoff plot for adsorption of 𝐧𝐢𝐭𝐫𝐚𝐭𝐞 𝐢𝐨𝐧. 
 
 
Table 2.4. Thermodynamic parameters for nitrate adsorption. 
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Nitrate removal using poly-o-toluidine 
zirconium(IV) ethylenediamine as  
adsorbent: Batch and  ﬁxed-bed  column 
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3.1. INTRODUCTION 
Nitrate is the most widespread contaminant of ground and surface waters all over the 
world. Agricultural over-application of natural and synthetic fertilizers, aquaculture, 
municipal wastewater, human and animal waste, overflowing septic tanks, processed 
food, dairy and meat products, detergent manufacturing and mineral processing 
industries are the sources of nitrate into the aquatic environment [1]. High level of 
nitrate in drinking water may cause adverse health effects such as blue baby syndrome 
[2, 3], especially in infants, cyanosis and cancer of the alimentary canal [4], and 
diabetes [5]. The European Community established a maximum contaminant level of 
50 mg L-1 and recommended level of 25 mg L-1 [6]. Therefore, the monitoring and 
removal of nitrate from water are relevant due its potential dangerous impact on both 
environment and human health. 
The conventional methods used for the removal of nitrate can be divided into three 
main groups: physical, chemical and biological treatment processes [7-11]. Among 
them, adsorption methods are generally considered to be more promising and 
effective because they allow simple and economical operation, resulting in less sludge 
production and disposal problems. In recent years, several studies have been 
performed to explore the application of zirconium(IV) based materials for adsorption 
of anionic pollutants [12,13]. In our earlier studies [14], poly-o-toluidine zirconium 
(IV) ethylenediamine (PTZE) was synthesized which showed affinity for nitrate in the 
pH range 3‒6. The equilibrium sorption data fitted well to Freundlich isotherm model. 
A single-stage batch adsorption system was developed from Freundlich adsorption 
isotherm parameters for removal of nitrate from water. A new inorganic-sugar beet 
pulp composite was prepared from sugar beet pulp after loading with zirconium(IV) 
ions and used for removal of nitrate from water [15]. The adsorption of nitrate by 
chitosan hydrobeads was increased with increase in the pH of solution and depends on 
the temperature with an optimum activity at 30oC. The kinetic results corresponded 
well with the pseudo second order rate equation and the intraparticle diffusion also 
played a significant role in the initial stage of adsorption process [16]. 
 Arora et al. [17] have modified the surface of natural zeolite by coating with a 
chitosan layer. The chitosan coated zeolite was protonated and used as adsorbent for 
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removal of nitrate from water. Nitrate can also be removed from aqueous solution by 
modified clinoptilolite zeolite. The investigation of kinetic equations indicated that 
nitrate adsorption followed pseudo first order kinetic model [18]. Adsorption of 
nitrate from aqueous solutions on ammonium functionalized mesoporus MCM-48 
silica was investigated [19, 20]. The adsorbent was prepared via a post synthesis 
grafting method using aminopropyltriethoxysilane. At ambient temperature, the 
removal of nitrate was maximum at pH < 8. 
Zn/Al chloride layered double hydroxide was prepared and used as sorbent for 
removal of nitrate [21]. Recently, the combination of magnetic ϒ-Fe2O3 nanoparticles 
with a coating of hydroxyapatite has been applied for the removal of nitrate from 
environmental water and soil samples [22]. Under the optimum conditions, the 
adsorption efficiency of the adsorbent was in the range of 93-101%. Hydrous bismuth 
oxide has been used for the removal of nitrate [23].  The adsorption of nitrate onto 
HBO2 followed pseudo first order kinetic model more closely compared with pseudo 
second order kinetic model. As the temperature of the solution increased, the 
adsorption capacity of the HBO2 also increased, indicating the endothermic nature of 
adsorption process. Adsorption feasibility of meso alumina and nano alumina has 
been assessed for nitrate removal from industrial effluent samples. Rate kinetics of 
adsorption phenomenon depicts pseudo second order kinetic model. Intraparticle 
diffusion and Elovich kinetic fail to explicit effectively the adsorption data [24]. 
Ahmad et al. [25] have synthesized alumina supported nano zero valent zinc and used 
as adsorbent for removal of arsenic and nitrate from water. The adsorption data fitted 
well to pseudo second order kinetic model. Ji et al. [26] have investigated the 
feasibility of hybrid system of zero valent iron combined with adsorbents for the 
removal of nitrate from water. The maximum  nitrate removal in combined Feo-
granular activated carbon, Feo-filtralite and Feo-sepiolite systems was 86, 96 and 99%, 
respectively. 
Iron impregnated acrylamide matrix was used to treat the pharmaceutical wastewater 
in a fluidized bed reactor as heterogeneous catalyst [27]. The biomaterials have also 
been employed for removal of pollutants from wastewater. An indigenous mixed 
bacterial culture was used to decolorize acid red 88 dye under static condition. The 
decolorization parameters were optimized using Taguchi’s OA experiments [28]. 
Base activated Setaria verticillata carbon was found to be a promising adsorbent for 
the removal of red yellow 15 dye from aqueous solution [29]. Most studies on nitrate 
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removal by adsorbents have been carried out in batch mode. However, few studies 
have been reported for removal of nitrate in fixed bed columns [30-32]. The 
advantages associated with fixed bed column experiments include (i) the direct 
application to get reliable solution for designing optimization and (ii) providing 
breakthrough curves of fixed bed columns in the removal of nitrate from real water 
treatment processes. 
The purpose of this investigation is to gain an insight into the removal efficiency of 
nitrate by PTZE in both batch and fixed-bed systems. The objectives of this study 
were divided into the following parts: 
 analysis of experimental data from batch adsorption by pseudo-first order, 
pseudo-second order, Elovich, intraparticle diffusion, Boyd’s and Bangham’s 
adsorption kinetic equations. 
 investigation of effects of column operating parameters such as flow rate, 
bed height and initial concentration on the breakthrough curves, 
 analysis of experimental data from column adsorption using Bohart-Adams, 
Thomas and Yoon-Nelson models, and  
 desorption of nitrate from PTZE loaded nitrate to evaluate the possibility of 
reuse. 
 
3.2. EXPERIMENTAL 
3.2.1. Reagents and Instrument 
Zirconium oxychloride octahydrate (Otto Chemie. Pvt. Ltd., India), ethylenediamine 
(Merck, India), o-toluidine (Sd. Fine Chem. Ltd., India) and ammonium persulphate 
(Thomas Baker Chemicals Pvt. Ltd., India) were used for the synthesis of poly-o-
toluidine zirconium(IV) ethylenediamine. All other chemicals and reagents used were 
of analytical reagent grade. Double distilled water was used for all the studies. A 
digital ion-analyzer (Elico LI 126 India) and Eutech digital pH meter (Cyberscan pH 
2100) were used for measuring the concentration of nitrate ion and pH of the solution, 
respectively. 
3.2.2. Preparation of poly-o-toluidine zirconium (IV) ethylenediamine (PTZE) 
PTZE was synthesized according to previously described procedure [14]. A white 
gelatinous precipitate of zirconium (IV) ethylenediamine was prepared by adding 
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equal volumes of 0.1M zirconium oxychloride solution and 0.1 M aqueous 
ethylenediamine at 270C. Poly-o-toluidine was prepared by mixing equal volumes of 
0.4 M ammonium persulphate in 4 M HCl and 20% o-toluidine prepared in 2 M HCl 
with constant stirring on a magnetic stirrer at 00C. A green colored gel was obtained. 
Further, the gel of poly-o-toluidine was added to the white gelatinous precipitate of 
zirconium (IV) ethylenediamine and pH of the resulting mixture was adjusted to 2.0. 
It was stirred on a magnetic stirrer for 10 h and left at room temperature for another 
24 h for digestion. The PTZE gel was filtered off washed thoroughly with distilled 
water to remove excess acid and any other adhering trace of ammonium persulphate. 
The washed gel was dried in an oven at 50 0C and then the product was immersed in 
distilled water to obtain small granules. The material was converted into Cl−form by 
treating with 1 M HCl solution for 24 h. The excess Cl−was removed by several 
washings with distilled water. The material was finally dried in an oven at 500C and 
sieved to obtain particles of uniform size range ( ̴ 125 µm). 
3.2.3. Batch adsorption experiments 
The adsorption experiments were performed by batch process. Fixed amount of PTZE 
(0.2 g) was added in the stoppered conical flasks containing 50 mL of nitrate ion 
solution of different concentrations (10, 60 and 100 mg L-1) at pH 4.5. The mixture 
was shaken for the desired contact time in an electrically thermostated reciprocating 
shaker at the rate of 120 strokes min-1 at 27±10C. At the regular interval of time, the 
conical flask from the shaker was withdrawn and then the adsorbent was separated 
from the nitrate ion solution by filtration through 0.45 µm membrane filter. The 
filtrate was analyzed for nitrate ion by ion-analyzer. 
The amount of nitrate ion (qt, mg g-1) retained in the adsorbent phase at time‘t’ was 
estimated by the following equation: 
qt = (Co − Ct ) VW                                                                                                        (1) 
where Co and Ct are the liquid phase concentrations of nitrate at initial and at time ‘t’, 
respectively. V is the volume of solution (L) and W is the mass of the adsorbent used 
(g). 
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3.2.4. Column adsorption experiments 
The fixed bed column adsorption studies were conducted using a laboratory-scale 
glass column of 1 cm i.d. and 25 cm length. The column was packed with known 
quantity of PTZE to obtain a particular bed height. A glass wool plug was placed on 
both the inlet and outlet of the column to avoid any loss of adsorbent material. In a 
typical experiment, a synthetic nitrate solution was fed into the column from the top at 
a desired flow rate using a peristaltic pump. The flow rate was cross-checked at the 
exit of the column at regular intervals to prevent and minimize the flow rate 
fluctuations, if occurred in the column bed. The samples were collected at the exit of 
the column at different time intervals and the concentration of nitrate in the effluent 
was determined with ion-analyser using nitrate ion selective electrode. To study the 
effect of flow rate on the adsorption of nitrate onto PTZE, experiments were carried 
out at three different flow rates: 1, 2 and 3 mL min-1. The effect of bed height on 
column adsorption process was studied at three different bed heights: 1, 2 and 3 cm, 
keeping other parameters constant. The effect of initial concentration of nitrate was 
studied at 100, 250 and 500 mg L-1, keeping the optimized values of flow rate and bed 
height constant. All column adsorption experiments were conducted in duplicate and 
the mean values were used in data analysis. 
The total amount of nitrate adsorbed, 𝐴𝑎𝑑𝑠(mg), in the fixed bed column was 
calculated using the equation: 
Aads = ∑ v(ti − ti−1)[(1 − CCo)i ]Co                                                                            (2) 
where v is the flow rate of influent (mL min-1), ti is the ith time point and (
𝐶
𝐶𝑜
) is the 
ratio of ith effluent concentration over the initial influent concentration. The total 
amount of nitrate ion sent to the column was calculated from the following equation: 
Atotal = Co.v.te1000                                                                                                                (3) 
where 𝐶𝑜 is the inlet nitrate ion concentration (mg L
-1), v is the volumetric flow rate 
(mL min-1) and 𝑡𝑒 is the exhaustion time (min). 
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3.3. RESULTS AND DISCUSSION 
3.3.1. Batch studies 
The effect of contact time on the adsorption of nitrate onto PTZE was studied upto 
150 min at different initial concentrations (10, 60 and 100 mg L-1). Fig. 3.1. shows the 
results of the nitrate uptake as a function of time. It was observed that the time to 
achieve the equilibrium is independent of initial nitrate concentration. Nitrate uptake 
was rapid initially and thereafter, it was gradually reached to an equilibrium condition 
at 90 min. The effect of competitive adsorption between  NO3− anion 
and SO42−, CO32−, HCO3− or Cl− anions was also studied. The experiments were carried 
out using equal initial concentrations of all anions. The competitive aspects was first 
investigated in pairs such as NO3− with Cl−, SO42−, CO32− or HCO3− and finally with a 
solution containing all the studied anions (e.g. NO3− ,  SO42−, CO32−, HCO3− , Cl−). It 
was observed that Cl−, HCO3− and CO32−did not affect the adsorption of NO3− onto 
PTZE while the presence of SO42− ions resulted in the decrease of removal efficiency 
of nitrate by the column process. 
 
 
Fig. 3.1. Effect of contact time on adsorption capacity of nitrate (adsorbent dose 
= 0.2 g, temperature = 270C, pH 4.5). 
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In order to investigate the mechanism of adsorption, the kinetic data were analyzed by 
pseudo-first order, pseudo-second order, Weber and Morris intraparticle diffusion, 
Boyd’s and Bangham’s models. 
The pseudo first order rate expression is presented as [33]:  
𝑙𝑜𝑔 (𝑞𝑒 − 𝑞𝑡)  =  𝑙𝑜𝑔𝑞𝑒 – 𝐾12.303  𝑡                                                                               (4) 
where 𝑞𝑒 and 𝑞𝑡 are the amount of nitrate adsorbed per unit mass of adsorbent at 
equilibrium and at time ‘t’ (mg g-1), respectively and K1 is the rate constant of pseudo 
first order kinetic model (min-1). The plots of 𝑙𝑜𝑔 (𝑞𝑒 − 𝑞𝑡)  𝑣𝑠 𝑡  for different 
concentrations of nitrate are shown in Fig. 3.2. The values of K1 and 𝑞𝑒 were 
calculated from slope and intercept of the plots and summarized in Table 3.1. The 
values of linear regression coefficient (R2) vary from 0.9820 – 0.9877. Moreover, 
pseudo-first order kinetic model predicts a much lower value of equilibrium 
adsorption capacity than the experimental value which suggests the non- applicability 
of this model. 
 
 
Fig. 3.2. Pseudo first order kinetic plots for nitrate adsorption onto PTZE 
(adsorbent dose = 0.2 g, temperature = 270C, pH 4.5). 
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Table 3.1. Kinetic parameters for nitrate adsorption onto PTZE at different 
initial concentrations of nitrate. 
Pseudo first order model parameters Co    (mg L-1) 𝑞𝑒,𝑐𝑎𝑙(mg g-1) K1(min-1) R2 
10 1.46 0.060 0.9824 
60 9.33 0.045 0.9483 
100 15.03 0.032 0.9877 
Pseudo second order model   
Type 1 Co    (mg L-1)     qm(mg g-1) K2(g mg-1 min-1) ho,2 (mg g-1min-1) R2 
10 2.34 0.066 0.309 0.9992 
60 13.79 0.005 0.740 0.9955 
100 23.70 0.002 0.888 0.9975 
Type 2 Co    (mg L-1)     qm(mg g-1) K2(g mg-1 min-1) ho,2 (mg g-1min-1) R2 
10 2.33 0.068 0.370 0.9856 
60 15.27 0.003 0.789 0.9639 
100 21.38 0.002 0.942 0.9420 
Type 3 Co    (mg L-1)     qm(mg g-1) K2(g mg-1 min-1) ho,2 (mg g-1min-1) R2 
10 2.34 0.067 0.366 0.9739 
60 14.15 0.005 0.920 0.8699 
100 23.42 0.002 1.306 0.9891 
Type 4     Co    (mg L-1) qm(mg g-1) K2(g mg-1 min-1) ho,2 (mg g-1min-1) R2 
10 2.35 0.065 0.359 0.9739 
60 14.77 0.004 0.837 0.8699 
100 23.49 0.002 1.297 0.9891 
Elovich model Co    (mg L-1)  α(mg g-1 min-1) β(g mg-1) R2 
10 2.79 2.946 0.9588 
60 0.83 0.344 0.9296 
100 2.82 0.196 0.9921 
 
The pseudo second order kinetic equation based on adsorption capacity is expressed 
as [34, 35]:  
𝑑𝑞𝑡
𝑑𝑡
= 𝐾2(𝑞𝑚 − 𝑞𝑡)2 P                                                                                                                                                    (5) 
where K2 is the pseudo second order rate constant (g mg-1 min-1), 𝑞𝑚 and 𝑞𝑡 are 
amount of solute adsorbed at equilibrium and at time‘t’ (mg g-1), respectively. 
Integrating equation (5) for boundary conditions: 𝑡 = 0 to 𝑡 = 𝑡 and 𝑞𝑡  =  0 to 
𝑞𝑡  =  𝑞𝑡  to yield; 
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𝑞𝑡 = qm2 K2t1+qmt                                                                                                                (6)                                                                                                                         
The initial rate of adsorption (ho,2) was calculated from the pseudo-second order 
model using the equation: ho,2 = K2qe2                                                                                                                 (7) 
The pseudo second order kinetic equation can be linearized as four different types 
(Table 3.2) which allow the calculation of qm and K2 values [36]. Fig. 3.3 (a-d) 
shows the plots of different types of pseudo second order linear equations for 
adsorption of nitrate onto PTZE. The values of pseudo second order rate constant 
(K2), amount of nitrate sorbed at equilibrium (qm) and initial sorption rate (ho,2)  were 
calculated and summarized in Table 3.1. The values of R2 obtained from Type 1 
pseudo second order kinetic model for all initial nitrate concentrations were in the 
range of 0.9955 to 0.9992 indicating that the adsorption of nitrate onto PTZE follows 
the pseudo second order kinetic model. Moreover, the value of the adsorption capacity 
is close to the experimental value. The values of R2 for Type 2, Type 3 and Type 4 
models were lower than that obtained for Type 1 model. The best fit was obtained by 
Type 1 expression as is evidenced from highest R2 values. 
 
Table 3.2. Pseudo second order kinetic model linearized forms. 
Type Linearized form Plot 
Type 1 t
qt
 = 1
K2qm
2 +  1qm t tqt  vs t 
Type 2 1qt =  � 1K2qm2 �1t + 1qm 1qt R  = 1t 
Type 3 qt =  qm  − � 1K2qm�qtt  qt  vs qtt  
Type 4 qtt =  K2qm2 − K2qmqt qtt   vs  qt 
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Fig. 3.3. Pseudo second order kinetic plots for nitrate adsorption onto PTZE, (a) 
Type 1, (b) Type 2, (c) Type 3, (d) Type 4 (adsorbent dose = 0.2 g, temperature = 
270C, pH 4.5). 
 
The Elovich equation has been applied to describe second-order kinetics when 
chemisorption occurs on adsorbents with energetically heterogeneous reactive sites 
[37, 38]. The Elovich equation is expressed as [39]: 
𝑑𝑞𝑡
𝑑𝑡
=   𝛼 𝑒𝑥𝑝 (−𝛽𝑞𝑡)                                                                                                  (8) 
Page | 96  
 
where α is the initial adsorption rate (mg g-1min-1) and β is the desorption constant (g 
mg-1). 
Chien and Clayton [40] assumed that αβt ≫ t and applying the boundary conditions; 
𝑞𝑡 =  0 at 𝑡 =  0 and 𝑞𝑡  =  𝑞𝑡 at 𝑡 =  𝑡, the above equation is simplified as: qt  = 1β  ln(αβ)  + 1β  ln t                                                                                              (9) 
If the adsorption data fit the Elovich model, a plot of qt  vs ln t should yield a linear 
relationship with slope of 1/β and intercept of 1/β ln (αβ). Fig. 3.4 shows the plots 
of qt vs ln t for adsorption of different concentrations of nitrate onto PTZE. The 
values of β and α were calculated from slope and intercept of the plots, respectively 
and summarized in Table 3.1. The values of α and β at different initial  concentrations 
of nitrate (10, 60 and 100 mg L-1) vary in the range of 2.79 – 2.82 mg g-1 min-1 and 
0.196 – 2.946 g mg-1, respectively. It has been reported that α is related to the rate of 
chemisorption while β is related to the surface coverage.  
 
 
Fig. 3.4. Elovich plots for nitrate adsorption onto PTZE (adsorbent dose = 0.2 g, 
temperature = 270C, pH 4.5). 
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As can be seen from the table 3.1 that the rate of adsorption can be enhanced by 
increasing the initial concentration of nitrate. The higher values of α and R2 indicate 
that the adsorption of nitrate onto PTZE can be explained by chemisorption 
mechanism. 
 
3.3.2. DIFFUSION BASED KINETICS 
Pseudo first and pseudo second order kinetic models cannot identify the influence of 
diffusion on sorption and hence, Weber and Morris equation has been used for the 
calculation of the rate constants of intraparticle diffusion. The rate of intraparticle 
diffusion can be calculated using the equation [41]: qt =  Kid t0.5  + Cid                                                                                                   (10) 
where 𝐾𝑖𝑑 is the intraparticle diffusion rate constant (mg g
-1 min-1) and 𝐶𝑖𝑑 is the 
intercept which is proportional to the boundary layer thickness. If the value of 𝐶𝑖𝑑 is 
zero, then the rate of adsorption is controlled by intraparticle diffusion for the entire 
adsorption period. However, the plot of 𝑞𝑡   𝑣𝑠 t0.5 usually shows more than one linear 
portions and if the slope of first portion is not zero, then the film diffusion is the rate 
controlling step in the beginning. Fig. 3.5 shows the plots of 𝑞𝑡 vs t
0.5 for the 
adsorption of different concentrations of nitrate onto PTZE at27oC. The intraparticle 
diffusion plot is multilinear. As can be seen in the figure that for initial nitrate 
concentrations of 10, 60 and 100 mg L-1, the initial part of plot is connected to faster 
mass transfer through the boundary layer, then changes to intraparticle diffusion 
control after 30 min. The values of 𝐾𝑖𝑑 are summarized in Table 3.3. The value of 𝐾𝑖𝑑 
increases with increasing concentration of nitrate. This can be explained by 
considering the q values at the beginning of intraparticle diffusion control: the overall 
adsorption rate is controlled by intraparticle diffusion when the values of qe are about 
1.85, 9.97, and 14.85 mg g-1 for initial nitrate concentration of 10, 60 and 100 mg L-1, 
respectively. The increasing values of surface loading provide enhanced driving force 
for intraparticle diffusion. 
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Fig. 3.5. Plots for evaluating intraparticle diffusion rate constant for sorption of 
nitrate onto PTZE (adsorbent dose = 0.2 g, temperature = 270C, pH 4.5). 
 
 
Table 3.3. Diffusion based kinetic parameters for nitrate adsorption onto PTZE 
at different initial concentrations of nitrate. 
Boyd model                                                                                            
𝐂𝐨    (mg L
-1) D1 (cmS-1)  B (min-1) R2 
10 1.77*10-8 0.0672 0.9387 
60 1.59*10-8 0.0605 0.9937 
100 1.16*10-8 0.0442 0.9627 
Intraparticle diffusion model 
𝐂𝐨    (mg L
-1) D2 (cmS-1) 𝑲𝒊𝒅
 R2 
10 4.97*10-8 0.0415 0.7954 
60 2.3*10-8 0.4855 0.9952 
100 5.09*10-8 1.2276 0.9662 
Bangham’s model 
𝐂𝐨    (mg L
-1) α K0 R2 
10 0.4049 2.048 0.9689 
60 0.5648 1.614 0.9181 
100 0.5944 1.534 0.9866 
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The Boyd’s model is often employed to gain an insight into the mechanism of 
adsorption. The contribution of boundary layer is usually confirmed by the Boyd’s 
model. The film diffusion model of Boyd is expressed as [42]: 
F = 1 − 6
Π
∑ 1
n2
 exp∞n=1 (−n2Bt)                                                                                (11) 
where F is the fractional attainment of equilibrium at time‘t’ and is defined as: 
F =  qt qe                                                                                                                        (12) 
Rate coefficient B is related to the effective diffusion coefficient (Di, cm2 S-1) and the 
particle radius as: 
B = DiΠ2r2                                                                                                                     (13) 
Rienchenberg [43] had suggested the calculation of Bt values for different F values 
using the following equation: 
F values from 0 to 0.85 
Bt = 2Π − Π2F
3 − 2Π(1 − ΠF3 )1/2                                                                               (14) 
F values from 0.86 to 1.0   Bt =  −0.498 – ln (1 –  F)                                                                                        (15) 
The values of Bt can be computed for each value of F and then plotted against time. If 
the plot is linear and passing through the origin, then the sorption process is governed 
by the particle diffusion controlled mechanism; if it is not so, the sorption process is 
controlled by film diffusion. The plots of Bt vs t for adsorption of different 
concentrations of nitrate onto PTZE at 27oC are shown in Fig. 3.6. The plots are 
linear in the initial period of adsorption but do not pass through the origin, indicating 
that the film diffusion is the rate controlling step in the beginning of the adsorption. 
The observance of an intercept is an indication of external mass transfer. A linear 
representation in coordinate’s [2Π −  Π2F
3
−  2Π(1 − ΠF
3
)1/2] vs 𝑡 was used to evaluate 
the parameter B and the respective effective diffusion coefficient. The values of B,  𝐷𝑖 
and R2 are summarized in Table 3.3. 
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Fig. 3.6. Boyd’s plots for nitrate adsorption onto PTZE using different initial 
nitrate concentrations (adsorbent dose = 0.2 g, temperature = 270C, pH 4.5). 
 
Bangham’s equation was applied to check whether or not the pore-diffusion is the 
only rate controlling step [44]. The equation is expressed as: 
log �log � Co
Co−qtM
�� =  log Ko M
2.303 +  α log t                                                              (16) 
where Co is the initial concentration of the  adsorbate in solution (mg L-1), M is the 
mass of adsorbent (g L-1), 𝑞𝑡 (mg g
-1) is the amount of adsorbate retained at time ‘t’ 
and α (<1) and Ko are the constants. Fig. 3.7 shows the plots of 
𝑙𝑜𝑔 �𝑙𝑜𝑔 �
𝐶𝑜
𝐶𝑜−𝑞𝑡𝑀
��  𝑣𝑠 𝑙𝑜𝑔 𝑡 for different initial concentrations of nitrate ion. The 
plots were found to be linear for all the concentrations with good correlation 
coefficient (R2: 0.9181 – 0.9866). The linearity of these plots confirmed the 
applicability of Bhangham’s equation and indicated that the adsorption was pore 
diffusion controlled. 
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Fig. 3.7. Bangham’s plots for adsorption of nitrate onto PTZE (adsorbent dose = 
0.2 g, temperature = 270C, pH 4.5). 
 
 
 
 
3.3.3. Fixed bed column studies 
3.3.3.1. Effect of the solution flow rate 
The adsorption columns were operated by varying the flow rate of nitrate ion solution 
between 1-3 mL min-1. In this process, the initial nitrate ion concentration and bed 
height were maintained at 100 mg L-1 and 1.0 cm, respectively. The breakthrough 
curves for the column were obtained by plotting �𝐶𝑡
𝐶𝑜
� against time (Fig. 3.8) and the 
adsorption data are summarized in Table 3.4. It can be seen from the figure 3.8 that 
the breakthrough time decreased from 30 to 10 min with increasing flow rate from 1 
to 3 ml min-1. Moreover, the saturation time of the column was also found to decrease 
from 125 to 75 min. Thus, the adsorption efficiency is higher at lower flow rate i.e. 1 
mL min-1; this can be due to two phenomena: (I) at lower flow rate, the residence time 
of nitrate ion in the column is more, and (II) the nitrate ions have more time to diffuse 
into the pores of PTZE through the intraparticle diffusion. At a higher flow rate, the 
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0
0 0.5 1 1.5 2 2.5
lo
g{
lo
g[
C
o/
C
o-
qt
M
] 
log t 
10 mg/L
60 mg/L
100 mg/L
Page | 102  
 
adsorption capacity was lower due to insufficient residence time of nitrate in the 
column and solution leaves the column before equilibrium occurred. 
 
 
Fig. 3.8. Breakthrough curves for nitrate removal at various column flow rates 
(bed height 1 cm, initial nitrate concentration 100 mg L-1). 
 
3.3.3.2. Effect of bed height 
To study the effect of bed height on the removal of nitrate, the breakthrough curves 
for the adsorption of nitrate ions onto PTZE were obtained keeping the inlet 
concentration of 100 mg L-1 and flow rate of 1 mL min-1 constant (Fig. 3.9). It is 
evident from the figure 3.9 that the steepness of the breakthrough curve is a function 
of bed height. The slope of the breakthrough curve decreased with increasing bed 
height which resulted in a broadened mass transfer zone. The increase in the nitrate 
removal with increasing bed height may be due to increased surface area of the 
adsorbent and thus more binding sites are available for adsorption.
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Table 3.4. Parameters of the fixed bed column for the removal of nitrate ions using PTZE. 
Flow rate 
(mL min-1) 
Initial concentration 
(mg L-1) 
Bed height 
(cm) 
Breakthrough 
time (min) 
Saturation time 
(min) 
Aads (mg) Atotal (mg) % Removal 
1 100 1 30 110 6.867 11.0 62.427 
2 100 1 20 85 8.214 17.0 48.317 
3 100 1 10 70 8.468 21.0 40.32 
1 100 1 30 110 6.867 11.0 62.427 
1 100 2 35 125 8.015 12.5 64.123 
1 100 3 45 150 9.694 15.0 64.623 
1 100 3 45 150 9.694 15.0 64.623 
1 250 3 30 110 7.013 27.5 25.500 
1 500 3 20 90 5.334 45.0 11.853 
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The removal efficiency, breakthrough time and saturation time increased with 
increase in bed height (Table 3.4). These observations suggested that the bed height 
of 3 cm offered optimum breakthrough curves and hence all further experiments were 
carried out at 3 cm bed height keeping the flow rate of 1 mL min-1. It was also 
observed that the maximum nitrate removal occurred at the initial stage of the 
experiments. 
 
 
Fig. 3.9. Breakthrough curves for nitrate removal at various column bed depths 
(flow rate 1 mL min-1, initial nitrate concentration 100 mg L-1). 
 
3.3.3.3 Effect of initial nitrate ion concentration 
The effect of initial nitrate concentration was studied at three concentration levels 
(100, 250 and 500 mg L-1) keeping the flow rate (1 mL min-1) and bed height (3 cm) 
constant. Under these conditions, breakthrough curves were obtained (Fig. 3.10) and 
adsorption data are summarized in Table 3.4. It is evident from Figure 3.10 that the 
value of  𝐶𝑡
𝐶𝑜
 reached 0.28, 0.90 and 0.98 in the time interval of 100 min when the inlet 
concentration of nitrate was 100, 250 and 500 mg L-1, respectively. It was also 
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observed that the breakthrough time decreased with increasing inlet nitrate 
concentration as the binding sites became more quickly saturated. At lower inlet 
concentration of nitrate, the breakthrough curve is flatter which indicated a relatively 
wide mass transfer zone and film controlled process. At higher inlet nitrate 
concentration (500 mg L-1), the breakthrough curve is sharp which suggested a 
relatively smaller mass transfer zone and intraparticle diffusion controlled process. 
The same trend was also observed for the adsorption of Cr(VI) onto thermally 
activated weed Salvinia cucullata [45]. 
 
 
Fig. 3.10. Breakthrough curves for nitrate removal at various influent 
concentrations (flow rate 1 mL min-1, bed height 3 cm). 
 
3.3.4. Breakthrough curve modeling 
The operation and dynamic response of an adsorption column can be predicted by the 
breakthrough point and shape of the breakthrough curve. In this study Bohart-Adams, 
Thomas and Yoon-Nelson models have been applied to determine the characteristic 
parameters of the column. 
0
0.2
0.4
0.6
0.8
1
1.2
0 25 50 75 100 125 150 175
C t
/C
o 
Time (min) 
100 mg/L
250 mg/L
500 mg/L
Page | 106  
 
3.3.4.1. Bohart-Adams model 
Bohart and Adams model described the relationship between Ct
Co
 and t in a continuous 
flowing sytem. The model is used for the description of initial part of breakthrough 
curve [46, 47]. The mathematical equation of this model can be expressed as: 
ln �Ct
Co
� = KABCot − KABNo � Zuo�                                                                                    (17) 
where Co and Ct are the inlet and outlet adsorbate concentrations (mg L-1), 
respectively, KAB is the kinetic constant (L mg-1 min-1), Z is the bed height (cm), uo is 
the linear velocity (cm min-1) and No is the saturation concentration (mg L-1). In this 
study, the range of time was considered from beginning to the end of the 
breakthrough curve. ln �Ct
Co
� was plotted against ‘t’ at different flow rates, bed heights 
and initial concentrations of nitrate ions (Figs. 3.11‒3.13). The values of KAB and No  
were calculated from the slope and intercept of the plot, respectively. The calculated 
values of KAB and 𝑁𝑜 along with correlation coefficients (R2) are summarized in 
Table 3.5. It is evident from Table 3.5 that the mass transfer coefficient increased 
with increase in flow rate and the correlation coefficient decreased from 0.9740 to 
0.9291. The correlation coefficients were found to be high for the study of flow rate 
which indicated that Bohart-Adams model is applicable for predicting the initial 
process of the present system. The mass transfer coefficients inecreased with both 
increase in bed height and initial concentration of nitrate ion. The results suggested 
that the overall system kinetics was dominated by external mass transfer in initial part 
of adsorption in the column [48].  
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Fig. 3.11. Bohart-Adams plots for the adsorption of nitrate onto PTZE: Effect of 
flow rate (bed height 1 cm; Co = 100 mg L-1). 
 
 
Fig. 3.12. Bohart-Adams plots for the adsorption of nitrate onto PTZE: Effect of 
bed height. (flow rate 1 mL min-1 , Co = 100 mg L-1). 
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Fig. 3.13. Bohart-Adams plots for the adsorption of nitrate onto PTZE: Effect of 
inlet concentration (flow rate 1 mL min-1; bed height 3 cm). 
 
3.3.4.2. Thomas model 
Thomas model is one the most general and widely used model to describe the 
performance of sorption process in a fixed bed column. This model assumes plug flow 
behaviour in the bed and uses Langmuir isotherm for equilibrium and second order 
reversible kinetics. Thomas model is expressed by the equation [49]: 
ln �Co
Ct
− 1� = KthqomQ − KthCot                                                                                 (18) 
where Kth is the Thomas rate constant (mL min-1 mg-1), qo  is the maximum sorption 
capacity (mg g-1 ), m is the mass of adsorbent (g) and Q is the flow rate (mL min-1). 
The values of Kth and qo can be evaluated from the slope and intercept of the plot of ln �Co
Ct
− 1� vs t. 
In this study, Thomas model was applied to the data at (Ct
Co
) ratios higher than 0.085 
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concentration. Thomas rate constant (Kth) and maximum sorption capacity (𝑞𝑜) were 
evaluated from the slope and intercept, respectively, of the plot of ln �𝐶𝑜
𝐶𝑡
− 1�  versus 
‘t’ (Figs. 3.14‒3.16). The values of Kth,  𝑞𝑜 and R2 are presented in Table 3.5. As can 
be seen in Table 3.5 that the values of correlation coefficient (R2) vary from 0.9343 to 
0.9899. The values of Thomas rate constant, Kth, increased and the values of qo 
decreased with increasing flow rate.  
 
Table 3.5. Parameters of the Bohart-Adams, Thomas and Yoon-Nelson models at 
different conditions. 
Parameters KAB(L mg-1min-1) No (mg L-1) R2 
Bohart-Adams model  
1.95×10-4 
 
10718 
 
0.9740 Flow rate (mL) 1 
2 3.24×10-4 20245 0.9551 
3 2.85×10-4 16030 0.9291 
Bed height (cm) 1 1.95×10-4 10718 0.9740 
2 2.81×10-4 5852 0.9276 
3 3.35×10-4 4670 0.9453 
Initial 
concentratio    
(mg L-1) 
100 3.35×10-4 4670 0.9453 
250 1.01×10-4 8720 0.9131 
500 
 
6.88×10-5 13693 0.9109 
Thomas model KTH (mL min-1mg-
1)  
qo (mg g-1) R2 
Flow rate (mL) 1 7.20×10-4 3.232 0.9751 
2 8.61×10-4 2.351 0.9500 
3 1.02×10-3 1.828 0.9343 
Bed height (cm) 1 7.20×10-4 3.232 0.9751 
2 7.39×10-4 1.976 0.9822 
3 7.42×10-4 1.745 0.9629 
Initial 
concentration      
(mg L-1) 
 
100 7.42×10-4 1.745 0.9629 
250 8.00×10-4 1.127 0.9691 
500 9.91×10-4 0.862 0.9899 
Yoon-Nelson model KYN (min-1) τ (min) R2 
Flow rate (mL) 1 0.072 64.562 0.9345 
2 0.086 47.022 0.9500 
3 0.102 36.650 0.9737 
Bed height (cm) 1 0.072 64.562 0.9345 
2 0.073 79.040 0.9822 
3 0.061 97.970 0.9482 
Initial 
concentration      
(mg L-1) 
100 0.061 97.970 0.9482 
250 0.080 67.650 0.9691 
500 0.099 51.750 0.9899 
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It was also observed that the bed capacity (𝑞𝑜) decreased and Kth value increased with 
increase in bed height. Similar trend has also been observed for removal of Cr(VI) 
[42]. Hence, lower flow rate and lower initial concentration would increase the 
adsorption of nitrate on the column packed with PTZE. The experimental data fitted 
well to the Thomas model which indicated that the external and internal diffusion will 
not be the limiting step. As the inlet concentration of nitrate increased, the value of 𝑞𝑜 
decreased but the value of Kth increased. The reason is that the driving force for 
adsorption is the concentration difference between the adsorbate on the adsorbent and 
adsorbate in the solution. Similar observations were reported for adsorption of azo 
dye onto granular activated carbon [44]. 
 
 
Fig. 3.14. Thomas plots for the adsorption of nitrate onto PTZE: Effect of flow 
rate (bed height 1 cm; Co = 100 mg L-1). 
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Fig. 3.15. Thomas plots for the adsorption of nitrate onto PTZE: Effect of bed 
height (flow rate 1 mL min-1; Co = 100 mg L-1). 
 
 
Fig. 3.16. Thomas plots for the adsorption of nitrate onto PTZE: Effect of inlet 
concentration (flow rate 1 mL min-1; bed height 3 cm). 
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3.3.4.3. Yoon-Nelson model  
Yoon-Nelson model is based on the assumption that the rate of decrease in the 
probability of adsorption for each adsorbate molecule is proportional to the 
probability of adsorbate adsorption and the probability of the adsorbate breakthrough 
on the adsorbent. The linear form of Yoon-Nelson model is expressed as [50]: 
ln � Ct
Co−Ct
� = KYNt − τKYN                                                                                        (19)                                                                                     
where  𝐾𝑌𝑁 is the Yoon-Nelson constant (min
-1). τ is the time required for retaining 
50% of the initial adsorbate (min) and t is the sampling time (min). Yoon-Nelson 
model was applied to investigate the breakthrough behaviour of nitrate adsorption 
onto PTZE column. The linear plot of  ln � Ct
Co−Ct
� versus sampling time‘t’ at different 
flow rates, bed heights and initial nitrate concentrations are shown in Figs. 3.17‒3.19.  
 
 
Fig. 3.17. Yoon-Nelson plots for the adsorption of nitrate onto PTZE: Effect of 
flow rate (bed height 1 cm; Co = 100 mg L-1). 
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Fig. 3.18. Yoon-Nelson plots for the adsorption of nitrate onto PTZE: Effect of 
bed height (flow rate 1 mL min-1; Co = 100 mg L-1). 
 
 
Fig. 3.19. Yoon-Nelson plots for the adsorption of nitrate onto PTZE: Effect of 
inlet concentration (flow rate 1 mL min-1; bed height 3 cm). 
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The values of KYN and τ were estimated from the slope and intercept, respectively and 
summarized in Table 3.5. As can be seen from Table 3.5 that the values of KYN were 
found to increase with increase in both flow rate and inlet nitrate concentration 
whereas the corresponding values of τ decreased. With increase in the bed height, the KYN values decreased while the τ values exhibited reverse trend. This is due to the 
slower saturation of the column at higher bed height. Higher values of correlation 
coefficients indicated that both Thomas and Yoon-Nelson models fitted well to the 
experimental data. 
3.3.5. Comparison with other adsorbents 
The comparison of performance of PTZE with reported adsorbents for the removal of 
nitrate from aqueous solution is shown in Table 3.6. As can be seen in Table 3.6 that 
the PTZE is adequate for nitrate removal because it presented adsorption capacity 
similar or even higher than those of reported adsorbents. However, rice straw 
activated carbon and Zr/sugar beet pulp composite exhibited higher adsorption 
capacities but requiring longer contact time to achieve removal efficiency of 60% and 
98%, recpectively. In case of PTZE, less time is required to achieve 80% nitrate 
removal. In most of the cases, the adsorption data obeyed pseudo second–order 
kinetic model except modified clinoptilolite zeolite and Zr(IV)/sugar beet pulp 
composite where pseudo first-order kinetic model dominated. 
3.3.6. Desorption and regeneration 
To study the desorption and regeneration, the fixed bed column packed with PTZE 
saturated with nitrate ion was selected. Desorption was carried out by passing 0.15 M 
NaOH solution through the bed at a flow rate of 0.5 mL min-1. The column was 
washed with double distilled water and treated with 1M HCl to convert the PTZE into Cl− form. The results of eight consecutive adsorption-desorption cycles suggest that 
the nitrate can be desorbed effectively and regenerated adsorbent can be reused with 
less than 5% loss of adsorption efficiency for eight cycles. 
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Table 3.6. Comparison of performance of PTZE for removal of nitrate with those reported in the literature. 
S. No. Adsorbents Optimum pH Contact  time 
(h) 
qm (mg g-1) Removal 
efficiency 
(%) 
Kinetic 
model # 
References  
 
1  Activated carbon prepared from 
sugar beet bagasse (impregnated 
with ZnCl2) 
6.58  15.48 41.2 PSO 51 
 
2  Thermally treated carbon derived 
from pomegranate rind 
2-3 6 4.6 - PSO 52 
3  Modified lignite granular carbon 5 0.5 4.4 - PSO 53 
4  Activated carbon - 24 8.68 - - 54 
5  M. Oleifera hull - 48 11.78 - - 55 
6  Rice straw activated carbon 2-11 24 82 60 - 56 
7  Modified clinoptilolite zeolite 5 4 21.66 37 PFO 18 
8  Hydrous bismuth oxide 5-10 3 2.25 66 PFO 23 
9  Micrometer Phragmites australis 
anion exchanger 
6 3 6.97 56 PSO 57 
10  Granular chitosan- Fe3+ complex 3-10 1.5 9.03 80 PSO 58 
11  Acid activated Ethiopian 
bentonite clay 
5 1.5 5.00 80 - 59 
12  Zr(IV)/ Sugar beet pulp composite 3 3 63.00 98 PFO 15 
13  Poly-o-toluidine Zr (IV) 
ethylenediamine 
4.5 1.5 20.08 80 PSO This work 
  # PFO = Pseudo first-order 
     PSO = Pseudo second-order 
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Poly-o-toluidine stannic(IV) triethanolamine 
as a new hybrid material for removal of 
𝐏𝐏(𝐈𝐈) from water samples 
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4.1. INTRODUCTION 
Rapid industrialization and extensive use of chemicals for various purposes have 
caused many environmental problems. Almost all industrial processes generate waste 
materials that have the potential to contaminate the environment. Wastewater 
effluents from numerous industries such as metal plating, tanneries, oil refining, 
storage batteries and alloy industries often contain elevated level of heavy metals.  
Heavy metals are conservative contaminants that are not easily biodegradable, and 
therefore, these are the permanent chemical overload in the environment [1]. Lead is 
one of the most toxic heavy metals, when present even at a very low concentration, 
which may bring substantial threat to human health through food, drinking water, air 
and dust. Lead is used in the production of lead acid batteries, solder, alloys, 
ammunition and plastic stabilizers [2]. The universal use of lead compounds in 
plumbing fittings and as solder in water distribution system is considered as a source 
of lead in drinking water [3, 4]. Polyvinyl chloride pipes also contain lead compounds 
that can be leached from them and results in high lead concentration in drinking water 
[3]. Adverse health effects in children were reported at blood lead levels near 10 μg 
dL-1 [5]. WHO guideline recommends 0.01 mg L-1 as permissible limit of lead in 
drinking water [5]. 
A wide range of methodologies such as chemical precipitation [6], ion-exchange [7], 
membrane filtration [8], electrochemical treatment technology [9], adsorption 
[10], etc. have been employed for removal of lead from water. Adsorption is 
considered as one of the most promising separation and purification method because 
this technique has significant advantages including simple design and low operating 
cost, high selectivity, high efficiency in removing the heavy metal ions and easy 
regeneration of adsorbent. A certified clay mineral from Iraq, montmorillonite, was 
used to remove chromium (III) and lead (II) from water [11]. In nearly neutral 
medium, the sorption capacity of lead (II) was 24.3 mg g-1. Low density metal oxide 
nanoparticles such as CeO2, CaO, MgO, TiO2, SiO2 and Al2O3 were investigated for 
the adsorptive removal of Pb(II) from contaminated water [12]. Complete removal of Pb(II) was achieved with CaO whereas SiO2 showed 45.7% removal in 120 min 
against 20 ppm lead contaminated water. 
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More recently, polymeric materials have been emerging as highly effective adsorbents 
for pollutants removal from industrial effluents [13-16].  The development of hybrid 
sorbents has opened up the new opportunities of their applications in enhanced 
removal of heavy metals from water [17-22]. Organic-inorganic hybrid material 
functionalized with ammonium carboxylate group has been employed for extraction 
of Pb(II) ions from water [23]. Lima et al. [24] used mesoporous 7-amine-4-
azahepthylsilica and 10-amine-4-azadecylsilica xerogels for the removal of lead(II) 
ions from water but the equilibrium time of the process was about 120 min. 
Maliyekkal et al. [25] have synthesized cellulose-manganese oxide hybrid material 
and its environmental remediation application was investigated using Pb(II) as the 
model pollutant. 8-Hydroxyquinoline immobilized bentonite was used to investigate 
the adsorption behaviour of lead(II) ions from aqueous solutions [26]. The adsorption 
was well described by Langmuir adsorption isotherm whereas the kinetic data fitted 
well with the pseudo-second order kinetic model. 
It has been reported [27] that zirconium phosphate is highly efficient ion-exchanger 
for trapping Pb(II), Zn(II) and Cd(II) from solution as compared to 
polystyrenesulphone exchanger D-001 in the presence of high concentration of Na(I), 
Ca(II) and Mg(II). A polymeric hybrid sorbent was prepared for enhanced 
sequestration of Pb(II), Cd(II) and Zn(II) by impregnating Zr(HPO3S)2 nanoparticles 
within a macroporous polystyrene cation exchanger D-001 [28]. However, it is still 
required to evaluate the feasibility of the hybrid material for practical application. 
Polyacrylamide zirconium(IV) iodate ion exchanger was synthesized by sol-gel 
technique which exhibited affinity for Pb(II) ions [29]. However, maximum 
adsorption capacity (qm) of polyacrylamide zirconium(IV) iodate for Pb(II) ion was 
5.75 mg g-1 [30]. 
The aim of this study is to explore the use of poly-o-toluidine stannic(IV) 
triethanolamine for removing Pb(II) ions from contaminated water. This chapter deals 
with: 
(i) synthesis and characterization of poly-o-toluidine stannic(IV) triethanolamine. 
(ii) experimental investigation of operating parameters for adsorption of Pb(II) ions 
such as contact time, initial concentration, pH, adsorbent dose and temperature, 
(iii) studies of adsorption isotherm, adsorption kinetics and thermodynamics, and 
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(iv) designing of single batch adsorption system based on Freundlich isotherm 
model. 
4.2. EXPERIMENTAL METHODS 
4.2.1. Reagents 
Stannic chloride (Otto Chemie. Pvt. Ltd. India), triethanolamine (Ranbaxy Lab. Ltd, 
Punjab India), o-toluidine (Merck, India) and ammonium persulphate (Merck, India) 
were used for the synthesis of the material. All other reagents used were of analytical 
reagent grade. 
 
4.2.2. Instruments 
Eutech digital pH meter (Cyberscan pH 2100) was used to measure the pH of the 
solutions. FT‒IR spectrometer (Spectrum Two, Perkin Elmer) was used to record the 
FTIR spectra in the range of 4000 - 400 cm-1. X-ray diffraction data were obtained by 
using XRD 1600 X‒ray diffractometer (Shimadzu, Japan) with Cu Kα radiation ( λ = 
1.5418 Å). Simultaneous thermogravimetry-differential thermal analysis (TGA-DTA) 
were carried out with DTG 60H thermal analyser (Shimadzu, Japan) in nitrogen 
atmosphere at the rate of 10oC min-1. SEM images coupled with EDX spectra were 
recorded by using scanning electron microscope (JEOL JSM-6510LV). Transmission 
electron micrograph (TEM) was also recorded using transmission electron microscope 
(JEOL JSM 2100, Japan). Flame atomic absorption spectrometer (Model GBC 932 
plus, GBC Scientific, Australia) was used to determine the concentration of metal 
ions. 
 
4.2.3. Synthesis of poly-o-toluidine 
Poly-o-toluidine was prepared by mixing 0.4 M ammonium persulphate solution 
prepared in 4 M HCl with 20% o-toluidine prepared in 2 M HCl in 1:1 v/v ratios. The 
reaction mixture was kept at temperature below 5oC under constant stirring on a 
magnetic stirrer for 2 h. The polymerization leads to the formation of green coloured 
gel. 
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4.2.4. Synthesis of stannic(IV) triethanolamine 
Samples of stannic(IV) triethanolamine were prepared at room temperature by mixing 
aqueous solution of stannic(IV) chloride (0.1 M) with triethanolamine (0.1 M) in 
varying mixing volume ratios at pH 1.5. The resulting mixtures were continuously 
stirred on a magnetic stirrer for 6 h. The white gelatinous precipitates were obtained. 
4.2.5. Synthesis of poly-o-toluidine stannic(IV) triethanolamine (PTSTA). 
The composite material was prepared by mixing the gel of poly-o-toluidine with white 
precipitate of stannic(IV) triethanolamine at pH 1.5. The desired pH was adjusted with 
the addition of NaOH solution. The resultant slurry was stirred on a magnetic stirrer 
for 6 h at room temperature and further kept for another 24 h at room temperature. 
The poly-o-toluidine stannic(IV) triethanolamine gel was filtered off, washed 
thoroughly with distilled water to remove excess of acid and any adhering traces of 
reagents. The washed gel was dried at 50 oC in an oven. The dried product was 
immersed in distilled water to get small granules. The small granules were decanted 
and further dried at 50 oC in an oven. On the basis of Pb(II) adsorption capacity, 
sample D was selected for further studies. 
4.2.6. Chemical composition 
0.2 g of the material (sample D) was dissolved in 20 mL of concentrated H2SO4 and 
diluted to 100 mL with distilled water. The contents of tin(IV) and triethanolamine 
were determined spectrophotometrically using hematoxylin [31] and Cu(II) [32] as 
reagents, respectively. The contents of C, H and N were determined by elemental 
analyzer. 
4.2.7. Chemical Stability 
To determine the chemical stability, 250 mg of the material was immersed in 25 mL 
of distilled water and various concentrations of HCl, HNO3, H2SO4 and NaOH 
solutions for 24 h with occasional shaking. The resulting solutions were analysed 
spectrophotometrically for the content of Sn(IV) and triethanolamine. 
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4.2.8. Sorption studies 
The sorption capacity of PTSTA for different metal ions such as Pb(II), Cd(II), 
Hg(II), Zn(II), Mn(II), Cu(II), Fe(III), Ni(II), Cr(III) and Co(II) was determine by 
usual batch method. For this, 0.2 g of the material was immersed in 20 mL of 1×10-
2 M metal nitrate solution maintained at pH 6.0. The resulting mixture was agitated in 
a thermostated shaker at the rate of 120±5 rpm for 1 h at room temperature to attain 
the equilibrium. The metal ions in the solution before and after equilibrium were 
determined by titration with standard EDTA solutions [33] and the sorption capacity 
was calculated. 
The adsorption of Pb(II) on the material was studied to determine the parameters in 
the isotherm equations. The initial pH of the Pb(NO3)2 solution was adjusted to 
values in the pH range of 2‒8 by addition of 0.10 M HCl or 0.10 M NaOH solution 
before the start of the experiment. A known amount (0.10 g) of poly-o-toluidine 
stannic(IV) triethanolamine was added to 25 mL of an aqueous solution of Pb(NO3)2 
at the desired pH (2-8) and concentration level (20 – 150 mg L-1). The mixture was 
shaken at a constant temperature using a thermostated shaker at a speed of 120±5 rpm 
for a given time. The adsorbent was separated from the solution by filtration. The Pb(II) ion concentrations in the original solution and in filtrate were determined by 
atomic absorption spectrophotometer. The amount of Pb(II) adsorbed per unit mass 
of the adsorbent was calculated as: q = (Co − Ce)V/m                                                                                                      (1) 
and percent removal may be calculated using the expression: 
Removal (%) = (Co−Ce)
Co
 × 100                                                                                         (2) 
 where Co (mg L-1) and Ce (mg L-1) are the concentration of Pb(II)  in the solution at 
time 𝑡 = 0 and at equilibrium, V is the volume of the solution (L) and m is the 
amount of adsorbent (g) added. 
For determination of kinetic parameters, 0.1 g of PTSTA was added to 100 mL flask 
containing 25 mL of aqueous solution of Pb(NO3)2 . The experiments were carried 
out with initial concentration of 40, 100 and 150 mg L-1 at three temperatures (27, 40 
and 50oC) and pH 6.0. The adsorption of Pb(II) onto PTSTA at various time interval 
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was measured. The data of Pb(II) sorption at various time intervals were fitted to 
different kinetic models. 
4.2.9. Desorption studies 
To evaluate the Pb(II) ion desorption from PTSTA, the adsorbent after adsorption 
experiments with Co = 40 mg L-1 was removed from the solution through filtration 
and transferred into a 100 mL conical flask. Then, 20 mL of distilled water or varying 
concentration of HNO3 was added to each flask. The mixture was shaken on a 
thermostated shaker for 1 h at room temperature. The suspensions were filtered and Pb(II) ion concentration in the filtrate was determined by atomic absorption 
spectrometer. 
4.2.10. Error Analysis 
Statistical analysis was performed to find the most suitable isotherm and kinetic 
models. For this purpose, the error functions such as chi square (χ2), root mean 
squared error (RMSD) and percent average relative error (ARE %) were calculated 
using the following expressions: 
χ2 = ∑ �(𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙)2
𝑞𝑒,𝑐𝑎𝑙 �𝑛𝑖=1              (3) 
RMSD = �∑ (𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙)2
𝑛−1𝑖=1          (4) 
 ARE (%) = 100
𝑛
∑ �
𝑞𝑒,𝑒𝑥𝑝−𝑞𝑒,𝑐𝑎𝑙
𝑞𝑒,𝑒𝑥𝑝 �     (5) 
where qe,exp and qe,cal are the experimental and calculated adsorption capacity               
(mg g-1), n is the number of measurements. 
4.3. RESULTS AND DISCUSSION 
4.3.1. Synthesis and characterization 
PTSTA was prepared by sol-gel mixing of organic conducting polymer, poly-o-
toluidine, into the matrix of stannic(IV) triethanolamine. The conditions of synthesis 
are summarized in Table 4.1. It is evident from the table 4.1 that the adsorption 
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capacity increased on increasing the content of Sn(IV) in the formation of Sn(IV) 
triethanolamine. The organic-inorganic hybrid material (Sample D) had a capacity of 
78.7 mg g-1 for Pb(II) ions. Moreover, the leaching of Sn(IV) and triethanolamine was 
evaluated in different concentrations of HCl, HNO3, H2SO4, NaOH and distilled 
water. It was observed that no leaching occurred in 0.5 M HNO3, 0.5 M HCl, 0.5 M 
H2SO4, 0.1 M NaOH and water. Therefore, sample D was selected for further studies. 
 
Table 4.1. Conditions for the synthesis of poly-o-toluidine stannic(IV) 
triethanolamine. 
Sample 
No. 
Mixing volume 
ratios(v/v) mL 
 Mixing volume ratios(v/v) 
mL 
 
pH 
 
Stirring 
time(h) 
 
Adsorption 
capacity* 
for Pb(II) 
ions (mg  
g-1) 
0.1M 
SnCl4 
 
 
0.1M 
C6H15NO
3 
20% of o-
toluidine in 
2M HCl 
0.4M 
(NH4)2S2O8 
in 4MHCl 
        
A 1 1   -   - 1.5 6 39.4 
B 1 2   -   - 1.5 6 44.5 
C 2 1   -   - 1.5 6 52.8 
D 2 1   1    1 1.5 6 78.7 
*Initial Pb(NO3)2 concentration = 1.0 × 10-2 M 
 
The FTIR spectrum of PTSTA is shown in Fig. 4.1. The adsorption band in the 
frequency range 3500-3200 cm-1 corresponds to the –NH stretching vibrations of 
poly-o-toluidine and –OH stretching vibration of hydroxyl group of triethanolamine 
[34, 35]. The weak band around 2926 cm-1 is the characteristic of ‒CH stretching 
vibration of CH2 groups of the triethanolamine [34]. The bands appearing at 1591 and 
1494 cm-1 are assigned to the C-C stretching vibration of the phenyl ring [35]. The 
absorption peak centred at 1384 cm-1 represents C-N stretching vibrations [36]. The 
stretching vibrations appearing at 667 cm-1 and 563 cm-1 are attributed to Sn-N and 
Sn-O bonds, respectively [37, 38].  
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Fig. 4.1.  FT-IR spectrum of poly-o-toluidine stannic(IV) triethanolamine 
(PTSTA). 
 
The X-ray diffraction (XRD) pattern of PTSTA is shown in Fig. 4.2. Some broad with 
low intensity peaks were observed at 2θ of 26.344, 33.980, 37.860, 51.340 and 64.825 
with d-spacing of 3.38, 2.64, 2.37, 1.78 and 1.44 Å. This indicated that the material is 
poorly crystalline.  
 
 
Fig. 4.2.  X-ray diffraction pattern of PTSTA. 
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SEM image of stannic(IV) triethanolamine (Fig. 4.3a) shows rough morphology with 
irregular shape. The morphology of the composite material is changed due to the 
binding of poly-o-toluidine with stannic(IV) triethanolamine (Fig. 4.3b). The 
composite material is porous in nature with cavities of different sizes. Further, the 
morphology of the material is changed on the adsorption of lead (Fig. 4.3c). This may 
be due to the binding of Pb(II) with functional groups. The adsorption of lead onto 
PTSTA is also confirmed by EDX spectrum (Fig. 4.4). TEM image (Fig. 4.5) of 
PTSTA exhibited particles having sizes in the range of 40.6 nm to 67.2 nm. 
 
 
Fig. 4.3. SEM images of (a) Stannic(IV) triethanolamine, (b) PTSTA and (c) 
Pb(II) loaded PTSTA. 
 
 
Fig. 4.4. EDX spectrum of 𝐏𝐏(𝐈𝐈) sorbed PTSTA. 
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Fig. 4.5.  TEM micrograph of PTSTA. 
 
 
Fig. 4.6. TGA-DTA curves of PTSTA. 
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Thermogravimetric analysis (TGA) curve of the composite material (Fig. 4.6) showed 
continuous weight loss ( ̴ 6%) upto 140 oC which may be due to removal of external 
water molecules [39]. The weight loss ( ̴ 19%) observed between 140 oC and 620 oC 
may be due to decomposition of triethanolamine. Further weight loss above 620 oC 
may be due to the complete decomposition of organic polymer part of the material. 
The decomposition of the part of the material is also supported by DTA curve which 
showed one broad exothermic peak with maximum at 390 oC. 
The following composition was obtained on the basis of chemical and elemental 
analysis: Sn = 16.951%, N = 7.996%, C = 44.552%, O = 23.555% and H = 6.942%. 
Therefore, the structure of PTSTA is proposed as (Scheme 4.1): 
 
Sn
HO
O
CH2
CH2
N
OHO
N
H2C
CH2
(CH2-CH2-OH)2(HOH2C-H2C)2
N
N
CH3
CH3
H
H
 
Scheme 4.1   Poly-o-toluidine Sn(IV) triethanolamine (PTSTA). 
Triethanolamine normally acts as a tridentate ligand. In the hybrid material, tin atom 
is complexed with two moles of triethanolamine through coordination with N, binding 
with two oxygen atoms of the ligand and two –OH groups. N of poly-o-toluidine 
coordinates with Sn and remaining coordination sites are occupied by water 
molecules. The chemical stability of the material was improved owing to the 
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incorporation of poly-o-toluidine. The following equation was used to evaluate the 
number of external water molecules in the material [40]: 
100
)18(18 nMXn +=                                                                                                       (6) 
where X is the percent weight loss of the material due to removal of external water 
molecules. (M+18n) is the molecular weight of the material. The value of n was found 
to be 2.31 per mole of the material. 
4.3.2. Sorption studies 
4.3.2.1. Effect of contact time 
The influence of contact time on the removal of Pb(II) using 0.1 g of PTSTA was 
investigated at initial concentration of 25 mg L-1 at pH 6. The results are presented in 
Fig. 4.7.  
 
 
Fig. 4.7. Effect of contact time on the removal of Pb(II) by PTSTA (Co = 25 mg  
L-1 , dose = 0.1 g, pH = 6.0,Temp. = 300 K). 
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The equilibrium time was attained in 50 min for all the initial concentrations of Pb(II). As can be seen in the figure that almost 60% removal took place within first 6 
min whereas 30 min is required to remove 90%. The initial faster rate of Pb(II) sorption may be due to large number of sorption sites and high solute 
concentration gradient. Later, the Pb(II) sorption rate decreases with time because of 
the decrease in the number of active sites and Pb(II) concentration. Near the end of 
experiments, the decrease in adsorption rate may be due to the saturation of active 
sites and attainment of equilibrium. 
4.3.2.2. Effect of pH 
The influence of pH on the removal of Pb(II) was investigated in batch experiments 
over the pH range of 2-8 using 0.1 g adsorbent in 25 mL Pb(II) solution (25 mg L-1) 
at 300 K. The results are shown in Fig. 4.8. Removal of Pb(II) increases with 
increasing solution pH and a maximum value was obtained over the pH range 6.0‒6.5.  
 
 
Fig. 4.8. Effect of pH on the removal of Pb(II) by PTSTA (Co = 25 mg L-1 , dose = 
0.1 g, Temp. = 300 K). 
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Scheme 4.2 Sorption mechanism of 𝐏𝐏(𝐈𝐈) onto PTSTA. 
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The percentage removal of Pb(II) increased from 57.6% to 98.4% with an increase of 
solution pH from 2.0 to 6.5 and thereafter removal decreases from 98.4% to 71.3% 
with increase in solution pH from 6.5 to 8.0. At lower pH values, the binding sites on 
the PTSTA are likely to be protonated which caused in poor Pb(II) binding levels. 
When pH increases, there is a decrease in positive surface charge which results in 
lower electrostatic repulsion between Pb2+ ions and thus the surface of PTSTA 
favoured the adsorption process. 
The  hydrolysis of Pb(II) in aqueous solution can be expressed as: 
Pb2+ + OH−               ⇌         Pb(OH)+        log K1 = 6.48 Pb(OH)+  +  OH−      ⇌         Pb(OH)2 0        log K2 = 11.6 Pb(OH)2 0   +  OH−       ⇌         Pb(OH)3  −       log K3 = 14.16 
The Pb(II) speciation shows that the predominating species is Pb2+ at pH˂ 6.5. The 
removal of Pb2+ is due to the interaction with oxygen atom of the triethanolamine 
moiety. The possible reaction mechanism is shown in Scheme 4.2. 
4.3.2.3. Effect of adsorbent dose 
The effect of adsorbent dosage on the removal of Pb(II) at initial concentration of 25 
mg L-1 and pH 6.0 was studied. The results are presented in Fig. 4.9. It can be seen 
from the figure that the removal efficiency increases with increase in adsorbent 
dosage from 1 to 4 g L-1. The removal of Pb(II) remains almost unchanged after 
adsorbent dosage of 4 g L-1. The increase in adsorbent dosage causes the increase in 
the surface functional groups at the sorbent particles and thus more sorption sites are 
available for binding with Pb(II) ions. The adsorption capacity was also evaluated at 
different adsorbent dosage. It is evident from the Fig. 4.9 that the adsorption capacity 
decreases with increase in adsorbent dosage and became constant at adsorbent dosage 
of 4 g L-1. 
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Fig. 4.9. Effect of adsorbent dose on the removal of Pb(II) by PTSTA (Co = 25 
mg L-1 , pH = 6.0 , Temp. = 300 K). 
 
 
4.3.2.4. Effect of concentration 
The effect of initial concentration of Pb(II) ions on the sorption capacity was studied 
over the concentration range 25 – 150 mg L-1 at pH 6.0 for 50 min equilibrium time. 
The results are shown in Fig. 4.10. As can be seen in figure that adsorption capacity 
was found to increase with increase in initial Pb(II) ion concentration. At higher 
initial concentration, higher concentration gradient exists which provides greater 
driving force for efficient binding of Pb(II) ions with the available sorption sites [41].  
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Fig. 4.10. Effect of initial concentration on the removal of Pb(II) by PTSTA (pH 
= 6.0 , Temp. = 300 K). 
 
4.3.3. Adsorption isotherm 
In this study, the experimental data obtained for the adsorption of Pb(II) ions onto 
PTSTA at varying temperatures (27, 40 and 50oC) and pH 6.0 were analysed using 
Langmuir and Freundlich isotherm models.  
4.3.3.1. Langmuir adsorption isotherm 
The linear form of Langmuir equation is represented as follows [42]:  1
qe
=  1
qmKL  1Ce +  1qm                                                                                              (7) 
where qe (mg g-1) and Ce (mg L-1) are the equilibrium concentrations of metal ions in 
the adsorbent and liquid phases, respectively. qm(mg g-1) is the maximum sorption 
capacity of sorbent and KL (L mg-1) is the Langmuir isotherm constant which relates 
to the energy of adsorption. The plot of 1
qe
  versus 1
Ce
 exhibited a straight line (Fig. 
4.11) and the values of KL and qm were calculated from slope and intercept, 
respectively. The data obtained with correlation coefficient (R2) are summarized in 
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Table 4.2. In order to predict the feasibility of Langmuir isotherm model, the 
dimensionless constant, separating factor (RL), was calculated using the equation 
[43]:  RL =  11+KLCO                                                                                       (8)  
 
 
Fig. 4.11. Langmuir adsorption isotherms for adsorption of Pb(II) onto PTSTA 
at different temperatures (pH = 6.0, dose = 0.1 g). 
 
McKay and co-workers [44] have suggested that RL values between 0 and 1 indicate 
the favourable adsorption. In this study, RL values were evaluated for the adsorption 
of Pb(II) using initial concentrations in the range of 40 – 150 mg L-1 at 27o, 40o and 
50 oC. It was observed that RL values were found between 0 and 1 for all 
concentrations of Pb(II) and temperatures. Therefore, it is concluded that the uptake 
of Pb(II) onto PTSTA is a favourable process. 
4.3.3.2. Freundlich isotherm 
The experimental adsorption data for the adsorption of Pb(II) onto PTSTA were fitted 
to the Freundlich equation which is expressed as [44]: 
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lnqe = lnkf + 1n  lnCe                                                                                                  (9) 
where kf and n are the Freundlich constant related to adsorption capacity and 
adsorption intensity, respectively. The values of kf and n were calculated from the 
intercept and slope of linear plot of  lnqe versus lnCe (Fig. 4.12). The values for the 
Freundlich constants and correlation coefficients (R2) for the adsorption process are 
presented in Table 4.2. The values of n between 1 and 10 indicate towards the 
favourable adsorption. In this study, the values of n for all concentrations and 
temperatures were found to vary from 1.413 to 1.849, indicating that adsorption of Pb(II) onto PTSTA is favourable.  
 
 
Fig. 4.12. Freundlich adsorption isotherms for adsorption of Pb(II) onto PTSTA 
at different temperatures (pH = 6.0, dose = 0.1 g). 
 
Statistical analysis was performed to judge the suitability of adsorption isotherm 
models in describing the Pb(II) adsorption onto PTSTA. For this purpose, the error 
functions such as χ2, ARE (%), RMSD and correlation coefficient(R2) were calculated 
and summarized in Table 4.2. The values of R2 for both Langmuir and Freundlich 
isotherm models were found to be greater than 0.99. It has been reported that the 
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isotherm model can not be accepted on the basis of R2 values only [45]. As can be 
seen in Table 4.2 that the values of χ2, ARE (%) and RMSD are much lower for 
Freundlich isotherm model  as compared to Langmuir model. Therefore, Freundlich 
isotherm model describes well the adsorption of Pb(II) onto PTSTA. 
 
Table 4.2.  Langmuir and Freundlich isotherm constants for the adsorption of 
Pb(II) onto PTSTA. 
Isotherms    Parameters    
 
Langmuir 
Temp  
(K) 
KL(Lmg-1) 𝐪𝐦(mg g-1) R2 χ2 ARE (%) RMSD 
300 0.0487 51.546 0.9924 7.883 10.704 8.957 
313 0.0663 58.823 0.9991 11.29 12.813 11.525 
323 0.1900 43.478 0.9946 2.057 4.633 4.229 
 
Freundlich 
 𝐤𝐟 n R2 χ2 ARE (%) RMSD 
300 3.814 1.413 0.9947 0.021 0.434 0.133 
313 4.868 1.501 0.9904 0.0002 0.046 0.041 
323 8.233 1.849 0.9984 0.001 0.091 0.083 
 
4.3.4. Adsorption kinetics 
Several kinetic models namely, pseudo first order, pseudo second order, intraparticle 
diffusion and Elovich models have been applied to describe the adsorption behaviour 
of Pb(II) onto PTSTA. 
4.3.4.1. Pseudo first order kinetic model 
The linear form of pseudo first order kinetic equation is expressed as [46]: 
 log (qe − qt)  =  logqe – K12.303  t                                                                              (10) 
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where 𝑞𝑒 and 𝑞𝑡 are the amounts of Pb(II) adsorbed at equilibrium and at time t (mg 
g-1), respectively and K1 (min-1) is the pseudo first order rate constant. The values of 
K1 and qe,cal were obtained from the slope and intercept of the plots of log (qe − qt) 
versus t (Fig. 4.13), respectively. The results are summarized in Table 4.3. The first 
order rate constants were found to be 0.0736, 0.0986 and 0.0944 min-1 for Pb(II) 
initial concentration of 40, 100 and 150 mg L-1, respectively. In this study, the 
relationship between the initial Pb(II) concentration and rate of adsorption is not 
obeyed. This indicated towards the involvement of pore diffusion that limits the 
surface adsorption process. The regression coefficient values (R2) were found to be in 
the range of 0.9921‒0.9979 which showed that the model can be applied. However, 
the applicability of the model cannot be justified on the basis of R2 values only. 
Moreover, pseudo first order kinetic model predicts much lower value of the 
equilibrium adsorption capacity than the experimental values (Table 4.3) and hence 
this model is not appropriate to describe the adsorption process. 
 
 
Fig. 4.13. Pseudo first order kinetic plots for Pb(II) adsorption onto PTSTA 
(adsorbent dose = 0.1 g, temperature = 300 K, pH 6.0). 
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4.3.4.2. Pseudo second order kinetic model  
The pseudo second order kinetic equation is expressed as [30]: 
t
qt
 = 1 K2qe2 + 1qe t                                                                                       (11) 
where K2 is the pseudo second order rate constant (g mg-1 min-1). Fig. 4.14(a) shows 
the pseudo second order kinetic plots between  t
qt
 versus t for Pb(II) adsorption at 
different initial Pb(II) concentrations (40, 100 and 150 mg L-1) and temperatures 
(300, 313 and 323 K; Fig. 4.14b). The values of qe and K2 were calculated from the 
slope and intercept of plot of t
qt
 versus t , respectively and summarized in Table 4.3. 
The calculated qe value agrees very well with the experimental value. High regression 
coefficients (R2) and lower values of  χ2, ARE (%) and RMSD indicated that the 
adsorption of Pb(II) onto PTSTA could be better explained by the pseudo-second 
order kinetic model. The results also confirm that Pb(II) ions uptake process is due to 
the chemisorption [47]. 
 
 
Fig. 4.14. Pseudo second order kinetic plots for Pb(II) adsorption onto PTSTA 
(a) At different concentrations, (b) At different temperatures (Co = 150 mg L-1). 
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Table 4.3. Kinetic parameters for 𝐏𝐏(𝐈𝐈) adsorption onto PTSTA. 
Pseudo first order model  Co    (mg L-1) qe,cal(mg g-1) K1(min-1) R2 χ2 RMSD ARE 
(%) 
40 4.958 0.0736 0.9979 3.190 1.778 7.418 
100 10.037 0.0986 0.9921 12.455 5.001 8.782 
150 14.818 0.0944 0.9936 18.526 7.409 8.798 
 Pseudo second order model 
Co qe,exp(mg g-1) qe,cal(mg g-1) K2 R2 χ2 RMSD ARE 
(%) 
40 8.935 9.615 0.0238 0.9991 0.0480 0.3040 1.268 
100 21.218 22.321 0.0177 0.9998 0.0545 0.4932 0.8622 
150 31.387 33.003 0.0117 0.9997 0.0791 0.7226 0.8581 
Temp (K)*       
300 31.387 33.003 0.0117 0.9997 0.0791 0.7226 0.8581 
313 33.052 34.746 0.0111 0.9997 0.0825 0.7575 0.8540 
323 34.020 35.868 0.0106 0.9997 0.0952 0.8264 0.9053 
*Co = 150 mg L-1         
 
Elovich model Intraparticle Temp (K)  α(mg g-1 min-1) β(g mg-1) R2  D Kid R2 
300 293.677 0.2578 0.9861 3.509×10-9 0.5073 0.9958 
313 312.631 0.2454 0.9888 5.673×10-9 0.6744 0.9378 
323 637.100 0.2614 0.9929 5.505×10-9 0.6838 0.9505 
 
 
4.3.4.3. Intraparticle diffusion model 
The adsorption of solute onto the adsorbent involves the following steps:  
(i) Film diffusion: the transport of solute from the bulk solution to the adsorbent 
surface. 
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(ii)  Particle diffusion: diffusion of solute into the interior of the pores of adsorbent 
particles.  
(iii) Sorption of solute on the inner surface of the pores of the adsorbent particles. 
Weber and Morris intraparticle diffusion model [48] was used to analyse the 
mechanism of Pb(II) adsorption onto PTSTA and the model is expressed as: qt =  Kid t0.5  + Cid                                                                                                   (12) 
where Kid is the intraparticle diffusion coefficient and the intercept (Cid) reflects the 
boundary layer effect. The plots of qt versus t0.5 for adsorption of Pb(II) onto PTSTA 
using initial Pb(II) concentration of 150 mg L-1 at different temperatures (300, 313 
and 323 K) are shown in Fig. 4.15. The plot of 𝑞𝑡 versus 𝑡0.5 shows two linear 
portions and the slope of the first linear portion is not zero which indicated that the 
rate of adsorption of Pb(II) onto PTSTA is initially controlled by film diffusion and 
then changes to intraparticle diffusion after 30 min at all the temperatures studied. The 
values of 𝐾𝑖𝑑 were calculated from the slope of the second linear portion of the plots 
and summarized in Table 4.3.  
 
 
Fig. 4.15. Plots for evaluating intraparticle diffusion rate constant for sorption of 
Pb(II) onto PTSTA at different temperatures (adsorbent dose = 0.1 g, pH 6.0). 
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The results revealed that the intraparticle diffusion is not only rate controlling step. 
Moreover, the intercept of the plot indicated towards the contribution of boundary 
layer effect. The larger the intercept, higher will be the contribution of surface 
sorption in the rate controlling step. Some other mechanism such as complexation 
may also control the rate of adsorption [49]. 
4.3.4.4. Elovich model 
Elovich model can be used to describe the chemical adsorption and is expressed by 
the following equation [50]: 
dqt
dt
= ∝ exp (−βqt)                                                  (13) 
where α is the initial adsorption rate (mg g-1min-1) and β is the desorption constant (g 
mg-1).  The application of boundary conditions, i.e., qt R = 0 at t = 0 and qt R = qt R  at t= t, 
simplifies the equation (13) as: 
qt = 1β ln(t + t0) −  �1β� lnt0                                                                                     (14) 
where t0 =  1∝β ; if t ≫  t0, the above equation is simplified as: qt  = 1β  ln(αβ)  + 1β  ln t                                                                      (15) 
The values of 𝛼 and β were calculated from intercept and slope (Fig. 4.16) of the 
linear plot of 𝑞𝑡 versus ln t, respectively (Table 4.3). The values of R2 were found to 
be greater than 0.98 at all temperatures studied. The results of Elovich model pointed 
towards chemisorption of Pb(II) onto PTSTA. Similar observations were also reported 
for the arsenate adsorption onto goethite [51]. 
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Fig. 4.16. Elovich plots for Pb(II) adsorption onto PTSTA at different 
temperatures (adsorbent dose = 0.1 g, pH 6.0). 
 
4.3.5. Thermodynamic study 
The thermodynamic parameters were evaluated to study the feasibility of the 
adsorption process. The adsorption enthalpy (ΔHo), entropy (ΔSo) and Gibb’s free 
energy (𝛥𝐺𝑜) changes were calculated from the following equations; 
 lnKO = ∆SOR − ∆HORT                                                                                                (16)  ∆GO = −RTlnKO                                                                           (17) Ko = qeCe                                                                                                                    (18) 
where qe is the solid phase concentration at equilibrium (mg g-1) and Ce is the 
equilibrium concentration in solution (mg L-1). The plot of lnKO verses 1/T (Fig. 
4.17) yields a straight line and the values of ΔHo and ΔSo were calculated from the 
slope and intercept of the plot, respectively. The results are summarized in Table 4.4. 
The values of ∆GO  are negative at all temperatures studied; confirming that the 
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adsorption process is spontaneous in nature. The value of ΔHo is positive that 
confirms the endothermic nature of the adsorption process. 
 
 
Fig. 4.17. Van’t Hoff plot for adsorption of 𝐏𝐏(𝐈𝐈) onto PTSTA. 
 
 
Table 4.4. Thermodynamic parameters for the adsorption of Pb(II) onto PTSTA. 
Thermodynamic parameters 
Temperature (K) ΔGo kJ mol-1 ΔHo kJ mol-1 ΔSo J mol-1 K-1 
300 -0.622 23.165 79.245 
313 -1.608   
323 -2.449   
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4.3.3.6. Measurement of sticking probability 
The following equation [52] can be used to evaluate the surface coverage (θ) of the 
adsorbate on the adsorbent:  
θ = 1 − Ce
Co
                                                            (19) 
The apparent activation energy (Ea) and sticking probability (S*) were calculated 
using modified Arrhenius type equation related to the surface coverage (θ) as follows 
[53]: 
S∗ =  (1 − θ) exp �− Ea
RT
�                                                                                         (20) 
The sticking probability (S∗ ) depends on the surface coverage (θ) and temperature of 
the system. The values of Ea R and S∗ were calculated from the slope and intercept of 
the plot of  ln(1 − θ) verses 1/T, respectively. The values of Ea and S∗ are reported in 
Table 4.5. The positive value of Ea indicated that the adsorption process is 
endothermic in nature. The values of S* at initial Pb(II) concentration of 40, 100 and 
150 mg L-1 were found to be 1.97 × 10−8, 1.98 × 10−5 and 4.76 × 10−5, 
respectively. This indicated that the probability of Pb(II) ions to stick on the surface 
of PTSTA is very high which confirmed that chemisorption has occurred. 
Table 4.5.  Sticking probability and apparent activation energy for the adsorption of 
Pb(II) onto PTSTA. 
Initial conc. (mg L-1) S* 𝐄𝐚 (k J mol-1) 
40 1.973 x 10-8 38.877 
100 1.976 x 10-5 22.382  
150 4.757 x 10-5 20.318 
 
4.3.3.7. Comparison study 
Several adsorbents have been used for Pb(II) removal from aqueous solution. The 
adsorption capacities of different adsorbents are reported in Table 4.6. It can be seen 
from the table that the adsorption capacities of polyacrylamide zirconium(IV) iodate 
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[30], 2-aminothiophenyl-S-acetic acid grafted on polystyrene resin [53], poly 2-
hydroxyethyl methacrylate [54] and poly(vinyl alcohol)-based MWCNT [55] are less 
than 10 mg g-1, whereas nano-silver sol coated activated carbon [56], chelating resin 
functionalized with dithioxamide [57], nano TiO2-phenol formaldehyde composite 
[58] have adsorption capacity greater than 20 mg g-1. Poly-o-toluidine stannic(IV) 
triethanolamine has comparable adsorption capacity with respect to copolymer of 2-
hydroxyethyl methacrylate with methyl methacrylate [54]. 
 
Table 4.6. Adsorbents used for removal of 𝐏𝐏(𝐈𝐈) ions and their adsorption 
capacities. 
Adsorbents 𝒒𝒆 R (mg g
-1) References 
Polyacrylamide zirconium(IV) iodate 5.75 30 
2-Aminothiophenyl-S-acetic acid grafted on 
polystyrene resin 
6.22 53 
Poly 2-hydroxyethyl methacrylate 3.04 54 
Copolymer of 2-hydroxyethyl methacrylate with methyl 
methacrylate 
31.45 54 
Poly(vinyl alcohol)-based MWCNT 3.0 55 
Nano-silver sol coated activated carbon 23.81 56 
Chelating resin functionalized with dithioxamide 24.3 57 
Nano TiO2-phenol formaldehyde composite 23.25 58 
PTSTA 31.38 This study 
 
 
4.3.3.8. Designing of single-batch adsorption system 
The combination of isotherm model and mass balance was found to be sufficient to 
evaluate the mass of adsorbent in a fixed volume for desired removal efficiency [39]. 
In a batch system at the given solution volume, the initial Pb(II) ion concentration 
was reduced from CO to Ct at time t. The uptake of Pb(II) ions onto given mass of 
adsorbent (M) was observed from qO to qt. Therefore, the mass balance equates the 
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uptake of Pb(II) ions from solution by the given amount of adsorbent used. The mass 
balance equation can be written as: V(CO − Ct) = M(qt − qO) = Mqt                                                                            (21) 
At equilibrium, 𝐶𝑡 =  𝐶𝑒and 𝑞𝑡  =  𝑞𝑒  and hence equation (20) is modified as: V(CO − Ct) = 𝑀𝑞𝑒                         (22) 
The removal efficiency (R) by adsorption can be expressed as: 
R= CO−Ce𝑞𝑒                                                                                                                   (23) 
In this study, Freundlich isotherm model was the best fit model to describe the 
adsorption of Pb(II) ions onto PTSTA. Therefore, Freundlich isotherm model was 
used to design the single batch adsorption system. The mass of adsorbent required for 
the desired removal efficiency can be derived as: 
M = V
Kf
R(1−R)1/n Co(1−1n)                           (24) 
Fig. 4.18 shows the plots of mass of PTSTA required to remove 95%, 90%, 80%, 
70% and 60% from one litre aqueous solution against the initial Pb(II) concentration. 
Fig. 4.18 illustrates the practical application of adsorption isotherm. For example, the 
amount of PTSTA required for 95% removal of Pb(II) from 1 litre aqueous solution 
is 7.965 g when CO = 100 mg LP-1. 
4.3.3.9. Desorption 
For desorption studies the following experimental parameters were selected: 0.1 g 
adsorbent in 20 mL of 40 mg L-1 Pb(II) solution, pH 6, contact time of 1 h and 27oC. 
The adsorption capacity for the first cycle was found to be 8.94 mg g-1. The 
desorption of PbP2+ from the adsorbent was conducted with 1 M HNO3 solution and 
estimated to be 8.92 mg g-1. After treating with 1 M HNO3 solution for 1 h, the 
adsorbent was subjected to the same adsorption test to check its reusability. The 
estimated adsorption capacities were found to be 8.92, 8.92, 8.90, 8.88 and 8.86 mg  
g-1, for second, third, fourth, fifth, sixth and seventh cycles of regeneration of 
adsorbents, respectively. The adsorption capacity decreased after seventh cycles of 
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regeneration. On the basis of these findings, it is concluded that PTSTA can be 
considered as a promising adsorbent for the removal of Pb(II) from water. 
 
 
 
Fig. 4.18. Plots of mass of adsorbent against initial concentration of 𝐏𝐏(𝐈𝐈) at 
different percentages of 𝐏𝐏(𝐈𝐈) removal (V = 1L). 
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5 
Construction of poly-o-toluidine 
zirconium(IV) ethylenediamine-based ion 
selective membrane electrode for 
potentiometric determination of nitrate in 
vegetables, soils and water samples 
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5.1. INTRODUCTION 
Nitrate is an essential nutrient for the growth of plants and organisms. Heavy usage 
of artificial fertilizers has resulted in toxic nitrate levels in forage and vegetable crops, 
mainly in green leafy vegetables and unused ammoniacal-based fertilizers can leach 
into water. Thus, nitrogen-based fertilizers are the largest source of nitrate 
contamination in ground and surface water [1, 2]. The nitrate pollution in ground and 
surface water may be due to disposal of wastes from industries dealing with 
nitrogenous fertilizers, dairy and meat products, discharges from secondary treatment 
systems of municipal and organic waste, and decomposition of organic matter buried 
underground [3-5]. Excess nitrate ion in drinking water may cause adverse health 
effects. The high intake of nitrate causes abdominal pain, diarrhoea and vomiting 
because of its primary toxicity [6]. Secondary toxicity is related to the reduction of 
ingested nitrate to nitrite. Further nitrite oxidizes Fe(II) of haemoglobin to Fe(III) 
resulting in the formation of methaemoglobin. Concentrations greater than 50 mg L-1 
NO3- in drinking water may lead to methaemoglobinemia in infants [7]. Nitrite can 
react with amines and amides to produce N-nitroso compounds which are potential 
carcinogenic and mutagens [8]. Elevated nitrate levels can also block iodide uptake at 
the thyroidal sodium iodide sympoter in a competitive manner [9]. The World Health 
Organisation and Bureau of Indian Standards have set the limits of 50 mg L-1 and 45 
mg L-1 nitrate in drinking water, respectively. For these reasons, attempts have been 
made to develop analytical procedures for the determination of nitrate in water, 
vegetables and foodstuffs [10-12]. An excellent review on the detection and 
determination of nitrate and nitrite has been reported by Moorcroft et. al. [13].  
Several analytical techniques have been developed for determination of nitrate such as 
spectrophotometry [14-16], fluorometry [17], HPLC [18], ion chromatography [19], 
flow injection analysis [20] and voltammetry [21]. Most of the spectrophotometric 
and fluorometric methods are time consuming while high costs are involved in 
chromatographic systems. The use of ion-selective electrodes (ISE) allows to obtain 
reliable and similar results very quickly. Considering the advantages of potentiometry 
as an electroanalytical technique, nitrate ion selective electrodes have been developed 
for the detection and determination of nitrate in different matrices. In order to improve 
the performance of ISE, several electroactive materials have been developed based on 
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inorganic-organic hybrid materials. In literature, several reports are available which 
suggests the use of PVC membrane in conjunction with ion-exchanger and plasticizer 
for fabricating the ion selective electrodes. Ion exchangers such as 
tetradodecylammonium bromide [22] and tri- and tetradodecylammonium nitrate [23, 
24] and plasticizers such as dibutyl phthalate [23] and o-nitrophenyl octyl ether [25] 
have been used for developing nitrate ion-selective electrodes. Carbrera et. al. [26] 
have developed nitrate ion-selective electrode which was constructed with a PVC 
membrane containing trioctylmethylammonium-nitrate and dioctyl phthalate as 
plasticizer. Prez-Olmos et. al. [27] have described a potentiometric method for the 
determination of nitrate and chloride ions in vegetables by using homemade ion 
selective electrodes. Neutral or charged carrier complexes can be used as ionophores 
in PVC matrix membrane for fabricating the ion-selective electrodes for many ionic 
species [28]. Lin et. al. [10] have used (3,3,3,3)-oxazane as ionophore for designing 
electrodes selective to nitrate ion. The nitrate ion-selective electrodes have been 
designed based on the bis-thiourea ligand as carrier to determine the presence of 
nitrate ion in wastewater samples [29]. The presence of urea-calixarene ionophores in 
addition to tridodecylmethylammonium chloride within ion-selective membrane was 
investigated for improving nitrate sensing [30]. In addition, organic-inorganic 
composite materials such as poly-o-toluidine Zr(IV) phosphate [31] and 
zirconium(IV) iodosulphosalicylate [32] have been used as electroactive material in 
the construction of Hg(II) and Pb(II) selective PVC membrane sensors. However, 
organic-inorganic hybrid materials have not been tested as electroactive material in 
the construction of anion selective PVC membrane sensors. 
In this study organic-inorganic hybrid material, poly-o-toluidine zirconium(IV) 
ethylenediamine, was used as electroactive material in the design of electrode 
sensitive to nitrate ions. The electroanalytical characteristics of the constructed 
electrode were evaluated. The analytical potential of the electrode was demonstrated 
by determining the nitrate concentration in vegetables, soils and water samples 
obtained from different sources. 
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5.2. EXPERIMENTAL 
5.2.1. Reagents 
 The reagents used for the synthesis of poly-o-toluidine zirconium(IV) 
ethylenediamine were zirconium(IV)oxychloride (Otto Chemie Pvt. Ltd., Mumbai, 
India), O-toluidine (S.d. Fine Chem. Ltd, Mumbai, India), ethylenediamine (Merck, 
India) and ammonium persulphate (Thomas Baker Chemicals Pvt. Ltd., Mumbai, 
India). High molecular weight polyvinylchloride (PVC) and dioctylphthalate (DOP) 
were obtained from Otto Chemie Pvt. Ltd. while tetrahydrofuran (THF) was procured 
from Merck, India. 0.10 M sodium nitrate solution was prepared by dissolving 
appropriate amount of AR grade salt in doubly distilled water. 
5.2.2. Apparatus 
 A digital pH meter (Eutech, Cyberscan pH 2100) and a digital potentiometer with 
saturated calomel electrode as reference electrode were used for measuring pH and 
potential of the solutions, respectively. Powder X-ray diffraction pattern were 
recorded using XRD-1600, X-ray diffractometer (Shimadzu, Japan). SEM images 
were recorded using scanning electron microscope (JSM-6510LV JEOL, Japan) 
5.2.3. Preparation of poly-o-toluidine zirconium(IV) ethylenediamine (PTZE) 
The PTZE as an electroactive material was prepared according to our previously 
published method [33]. Poly-o-toluidine gel was prepared by mixing equal volumes of 
a solution of 0.4 M ammonium persulphate prepared in 4 M HCl with 20% o-
toluidine prepared in 2 M HCl with constant stirring at 0oC. Poly-o-toluidine was 
mixed with zirconium(IV) ethylenediamine, prepared by mixing equal volumes of 0.1 
M zirconium(IV) oxychloride with 0.1 M ethylenediamine and pH of the resulting 
mixture was adjusted to 2 and stirred on a magnetic stirrer for 10h. The composite 
material was filtered off and washed with distilled water to remove excess acid. The 
washed gel was dried in an oven at 50 oC. The dried product was cracked into small 
granules and converted to Cl− form by treating with 1 M HCl for 24h with occasional 
shaking. The material was dried at 50 oC after removing the excess Cl− ions by 
several washings with distilled water. 
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5.2.4. Preparation of poly-o-toluidine zirconium(IV) ethylenediamine membrane 
PTZE was grounded to fine powder. Different amount of PTZE (50-150 mg) was 
thoroughly mixed with fixed amount of PVC (200 mg) dissolved in 5 mL of THF and 
finally mixed with 0.3 mL of DOP, used as plasticizer. The resulting solutions were 
carefully poured into a glass casting ring resting on a glass slide and covered with 
another glass slide to slow down the solvent evaporation to obtain thin membranes. 
5.2.5. Characterization of membrane 
The physicochemical characterization of the membrane was performed by evaluating 
the parameters that affect its electrochemical properties. These parameters are 
membrane water content, swelling, thickness and porosity which were determined 
after conditioning the membrane. 
5.2.6. Conditioning of the membrane 
All the prepared membranes were conditioned by equilibrating with 0.1 M sodium 
nitrate solution for 24 h. 
5.2.7. Water content 
The conditioned membranes were placed in water for 24 h to elute any diffusible 
salts. The surface water was removed by blotting quickly with Whatmann filter paper 
and then the weight of wet membranes was determined. Finally the wet membrane 
was dried to a constant weight under vacuum. The percent water content was 
calculated using the equation: 
Water content (%) = WW−Wd
WW
× 100                                                                            (1)                                                                      
where WW and Wd are the mass (g) of wet and dry membranes, respectively. 
5.2.8. Thickness and swelling 
The thickness of the membrane was measured by digital screw gauge. The swelling 
was evaluated as the difference between the average thickness of the wet membrane 
and the dry membrane. 
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5.2.9. Porosity 
Porosity is considered as the volume of water incorporated in the cavities per unit 
volume of membrane and can be calculated from the water content data using the 
equation: 
ε = WW− Wd
ALρw
                                                                                                (2) 
where A and L are area and thickness of the membrane, respectively. 𝜌𝑤 is the density 
of water. 
5.2.10. Fabrication of ion-selective electrode and potential measurements 
The membrane discs of appropriate size were cut out and finally glued onto a 2.5 cm 
inner diameter pyrex glass tube. The assembly was dried in air for 24 h. Sodium 
nitrate solution (0.1 M) was used as an inner reference solution. The electrodes were 
conditioned in 0.1 M sodium nitrate solution for 24 h. The potentials were measured 
at 25 ± 1oC by using the following assembly setup: 
 
Inner 
reference 
electrode 
(SCE) 
Inner 
solution, 0.1 
M NaNO3 
 
Membrane 
Test 
solution 
External 
reference 
electrode (SCE) 
 
Saturated calomel electrodes were used as reference electrodes and the cell potential 
was measured by varying the concentration of nitrate ion solutions over the range 1.0 × 10−7 − 1.0 × 10−1M. These solutions were prepared by sequential dilution of 1.0 × 10−1M stock solution of sodium nitrate. The pH of each solution was 
maintained at 4.0 with HCl / NaOH solutions. After performing the experiment, the 
membrane electrodes was removed from the test solution and immersed in 0.1 M 
NaNO3 solution. 
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5.2.11. Potentiometric determination of nitrate in vegetables 
For determination of nitrate in vegetables, 5.0 g of representative samples of fresh 
vegetables was taken and crushed thoroughly. To each sample 100 mL of 2% acetic 
acid was added and stirred on a magnetic stirrer for 30 min at room temperature. The 
extract was filtered through Whatman filter paper No. 42 in a 250 mL volumetric 
flask and was made upto volume with distilled water. An aliquot of 50 mL of 
extracted sample was pipetted into a 100 mL beaker, adjusted to pH 4.0 with dilute 
HCl or NaOH solution and nitrate selective and reference electrodes were immersed. 
The concentration of nitrate in the sample was determined by direct potentiometry. 
The brucine spectrophotometric method [34] was also used as a reference method to 
determine nitrate content in the extracted sample.  
5.2.12. Potentiometric determination of nitrate in bottled mineral water, 
groundwater and river water 
The collected samples of groundwater and river water were filtered through Whatman 
filter paper No. 42. A volume of 100 mL of water sample (bottled mineral water, 
groundwater or river water) was transferred into a beaker and its pH was adjusted to a 
value of 4.0 by addition of dilute HCl. The sample was boiled for 10 min. After 
cooling, the sample was transferred to 100 mL volumetric flask and diluted to the 
mark with distilled water. The nitrate selective and reference electrodes were 
immersed in 50 mL water sample and its nitrate concentration was determined. 
Additionally, the nitrate concentration was also determined by a reference 
spectrophotometric method [34]. 
5.2.13. Potentiometric determination of nitrate in soil 
Four soil samples were collected from different areas in Aligarh district of Uttar 
Pradesh, India. First of all soil samples were dried in an oven at 60 oC to remove 
humidity and sieved to 2 mm particle size. The nitrate was extracted from the soil 
using the method reported in the literature [35]. 10 g of dried soil was placed in a 
beaker with 100 mL of 0.5 M KCl solution. The resulting suspension was stirred on a 
magnetic stirrer at room temperature for 30 min. Thereafter, it was filtered through 
Whatman filter paper No. 42 in a 250 mL volumetric flask and diluted to volume with 
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distilled water. The nitrate concentration was determined by both the proposed and 
reference methods. 
5.3. RESULTS AND DISCUSSION 
PTZE shows high affinity for nitrate ion and its adsorption capacity for nitrate ion was 
found to be 20.08 mg g-1. Therefore, PTZE was used as an electroactive material for 
the preparation of heterogeneous ion-selective membrane electrode sensitive to nitrate 
ion. For constructing the ion-selective electrode, the amount of electroactive material 
in the electrode matrix should be sufficient to obtain reasonable ion-exchange and 
equilibrium at the membrane gel layer-test solution interface that is responsible for the 
membrane potential.  In view of this, PVC based nitrate selective membranes were 
prepared using 200 mg PVC, 0.3 mL DOP and different weights of electroactive 
materials (50 – 150 mg) in 5 mL THF as solvent. The membrane thickness, water 
content, swelling and porosity were determined and the results are summarized in 
Table 5.1.  
The thickness, water content, swelling and porosity of the membrane increased on 
increasing the amount of PTZE. It has been reported [31] that the ideal membrane 
should be thin with low water content, swelling and porosity. In view of this, 
membrane M-1 was selected due to less thickness with low water content, swelling 
and porosity. Moreover, the membrane M-1 gave the best performance with slope of 
50.96 mV decade-1. Addition of PTZE greater than 50 mg caused a decrease in slope. 
 
Table 5.1. Preparation and characterization of PVC membrane immobilized 
with PTZE. 
S. No.              Membrane composition     
 PTZE 
(mg) 
PVC 
(mg) 
DOP 
(mL) 
Thickness 
(mm) 
%water 
content 
Swelling 
(mm) 
porosity 
M-1 50 200 0.30 0.250 2.930 0.020 2.126 x 10-2 
M-2 100 200 0.30 0.270 4.080 0.042 2.869 x 10-2 
M-3 150 200 0.30 0.300 5.149 0.072 3.873 x 10-2 
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Fig. 5.1. Powder X-ray diffraction pattern of PVC membrane containing PTZE. 
XRD pattern of the membrane (Fig. 5.1) shows intense peaks at 43.910, 64.275 and 
77.396 (2𝜃 value) with d-spacing of 2.0603, 1.4481 and 1.2321 Ao. SEM images of 
PTZE, PVC membrane and PVC membrane containing PTZE are shown in Fig. 5.2 
(a-c). Fig. 5.2 (a) shows the PVC membrane indicating pores on its surface. Fig. 5.2 
(b) shows the electroactive material, PTZE, which has rough surface with pores of 
varying dimension. Fig. 5.2(c) depicts the PVC binded with PTZE and the particles of 
PTZE are dispersed on the surface of the membrane. 
 
 
Fig. 5.2. SEM images of (a) PVC membrane, (b) PTZE composite and (c) PVC 
membrane containing PTZE. 
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5.3.1. Effect of pH 
The influence of pH on electrode response was examined by measuring the potential 
of 1.0 × 10−2M and 1.0 × 10−3M nitrate ion solution over pH range 3 – 8. The pH of 
the solution was adjusted by the addition of dilute HCl or NaOH solution. It can be 
seen from the Fig. 5.3 that the potential response remains constant over the pH range 
3.0 to 7.5 and the same may be considered as the working pH range of the electrode. 
At higher pH values (>7.5), the electrode potential decreased due to response of OH- 
ions. 
5.3.2. Calibration curve and detection limit 
The potentiometric response characteristics of the proposed nitrate sensor were 
evaluated according to IUPAC recommendations [36]. The plot of EMF versus log 
[NO3−] obtained under optimal conditions is shown in Fig. 5.4.  
 
 
Fig. 5.3. Effect of pH of the test solutions on the potential response of the ion-
selective electrode. 
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Fig. 5.4. Calibration curve for determination of nitrate ions. 
The slope and linear range of the resulting calibration curve were -50.96 mV decade-1 
and 1.0 × 10−4M to 1.0 × 10−1M, respectively. The limit of detection of nitrate ion 
was evaluated from the intersection of two extrapolated linear regions of the 
calibration curve and found to be 5.09 × 10−5M. 
5.3.3. Dynamic response time and life span 
Fig. 5.5 shows the plot of dynamic response time versus measured EMF. It can be 
seen that the time taken for the electrode to achieve a steady state potential (within 
±1.0 mV) is about 15 seconds for nitrate ion concentration from 1.0 × 10−4M to 1.0 × 10−1M. The response time is comparable with that of the reported nitrate ion-
selective electrode [22]. Life span of the proposed electrode was tested by performing 
day-to-day calibration (Table 5.2). It is evident from the Table that the sensor showed 
life time of about 8 weeks during which the near-Nerstian slope (-50.96 mV per 
decade) did not change. Beyond 8 weeks time, the near-Nerstian slope started to 
decrease. 
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Fig. 5.5. Dynamic response time of nitrate electrode at different time intervals at 
concentration range of 10-4 to 10-1 M (A = 10-4 M, B = 10-3 M, C = 10-2 M and D = 
10-1 M). 
Table 5.2. Conditioning time of optimized nitrate ion selective membrane 
electrode. 
Time (weeks) Slope (mV/decade of 
activity) (±SD) 
Linear range (M) 
1 -50.96±0.41 1.0 × 10−4 − 1 × 10−1 
2 -50.96±0.48 1.0 × 10−4 − 1 × 10−1 
3 -50.96±0.44 1.0 × 10−4 − 1 × 10−1 
4 -50.96±0.50 1.0 × 10−4 − 1 × 10−1 
5 -50.96±0.46 1.0 × 10−4 − 1 × 10−1 
6 -50.96±0.45 1.0 × 10−4 − 1 × 10−1 
7 -50.96±0.49 1.0 × 10−4 − 1 × 10−1 
8 -50.96±0.51 1.0 × 10−4 − 1 × 10−1 
9 -47.54±0.67 3.3 × 10−4 − 1 × 10−1 
10 -46.08±0.72 1.0 × 10−3 − 1 × 10−1 
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5.3.4. Response selectivity 
The selectivity coefficient for an interfering ion, B, relative to nitrate ion, A, was 
determined by separate solution method using the following equation [37]: 
logKA,Bpot =  E2−E12.303RT zAF⁄  + (1 − 𝑍𝐴𝑍𝐵)𝑙𝑜𝑔𝑎𝐴                                                                      (3)                                                                               
where E1 and E2 are the potential measured in 1.0 × 10−2M principal ion, A, and in 1.0 × 10−2M interfering ion, respectively. ZA and ZB are the charges of principal ion, 
A, and interfering ion, B, respectively. 𝑎𝐴 is the activity of nitrate ion in mol L
-1 and 
2.303RT/𝑍𝐴𝐹 is the slope of the calibration curve in mV per concentration decade. 
The selectivity of the proposed sensor was tested towards different interfering anions 
and the determined selectivity coefficient values are reported in Table 5.3. 
 
Table 5.3. Selectivity Coeficient 𝑲𝑨,𝑩𝒑𝒐𝒕 P for various interfering anions for 
membrane M-1. 
 
Interfering anions 
 
𝑲𝑨,𝑩𝒑𝒐𝒕 
Arsenite 3.078× 10−3 
Cl- 6.600× 10−2 
SO42- 4.220× 10−3 
Br- 5.200× 10−2 
I- 3.370× 10−2 
F- 4.200× 10−2 
CO32- 6.640× 10−3 
NO2- 7.270× 10−2 
HCO3- 2.690× 10−2 
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It can be seen in the Table that the selectivity coefficients for monovalent anions such 
as F-, Cl-, Br-, I-, NO2- and HCO3- varies between 2.69 × 10−2 and 6.60 × 10−2. 
Selectivity coefficients obtained for divalent anions (CO32- and SO42-) are very small 
in the range of 4.22 × 10−3 to 6.64 × 10−3. In case of arsenite, the selectivity 
coefficient is also relatively small. It has been suggested that the sensor preferentially 
responds to principal ion when KA,Bpot < 1. In this work, the obtained selectivity 
coefficients indicated that the disturbance produced by the studied anions in the 
functioning of the proposed ion-selective electrode is negligible. 
5.4. Analytical applications 
The proposed ion selective electrode was used to determine nitrate in vegetables, 
soils, bottled mineral water, groundwater and river water samples to explore its 
potential application. The nitrate concentration in vegetable extracts, soil extracts and 
various water samples were determined by the direct potentiometry using the 
proposed ion selective electrode and spectrophotometric method. The results are 
summarized in Table 5.4. The data presented in Table 5.4 indicated that the proposed 
potentiometric method has good precision and accuracy. Statistical comparison of the 
results of the proposed and reference methods was performed with regard to accuracy 
and precision using the t- and F- ratio tests. At 95% confidence level, the calculated t- 
and F-values did not exceed the critical values, indicating that there is no significant 
difference between the methods compared. Therefore, the proposed electrode can be 
used for efficient determination of nitrate in vegetables, soils and water samples. 
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Table 5.4. Determination of nitrate in vegetables, soils, bottled mineral water, groundwater and river water by the proposed 
potentiometric (ISE) and reference methods. 
 ISE method Reference method   
Sample Xa RSD (%) Xa RSD (%) F-value t-value 
Radish 12.58±0.12 1.44 12.47±0.16 1.28 1.265 1.013 
Beans 14.49±0.28 1.93 14.56±0.24 1.65 1.361 0.426 
Spinach 14.99±0.23 1.53 15.12±0.26 1.72 1.277 0.839 
S1 7.71±0.16 2.08 7.78±0.18 2.31 1.265 0.652 
S2 9.75±0.17 1.74 9.68±0.19 1.96 1.249 0.615 
S3 8.69±0.23 2.64 8.74±0.21 2.40 1.199 0.359 
S4 9.41±0.21 2.23 9.47±0.23 2.43 1.199 0.432 
BW1 8.75±0.12 1.37 8.70±0.15 1.72 1.562 0.586 
BW2 6.55±0.10 1.52 6.62±0.12 1.81 1.440 0.255 
GW 26.34±0.34 1.30 26.29±0.37 1.41 1.184 0.222 
RW1 90.83±2.24 2.46 90.91±2.29 2.52 1.045 0.056 
RW2 80.77±2.39 2.96 80.88±2.31 2.86 1.070 0.075 
RW3 119.11±2.63 2.21 118.82±2.69 2.26 1.046 0.173 
RW4 98.52±2.45 2.48 97.94±2.35 2.40 1.086 0.383 
a = Mean nitrate concentration and standard deviation (mg g-1) for vegetables and soils, and (mg L-1) for water samples. 
S = Soil samples; BW = Bottled mineral water; GW = Groundwater; RW = River water 
F-values and t-values at 95 % confidence level for 8 degrees of freedom are 6.39 and 2.31, respectively.
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Hybrid organic-inorganic materials have been developed with the expectation that 
these materials would demonstrate their effectiveness for the removal of target 
inorganic pollutants from water environment. In addition, it was also planned to 
develop ion selective membrane electrode for determination of target inorganic 
pollutant in water samples. 
The newly developed poly-o-toluidine zirconium(IV) ethylenediamine (PTZE) seems 
to be a  potential adsorbent for nitrate. The material was characterized by FTIR, XRD, 
TGA, DTA, SEM and TEM. The XRD pattern revealed its crystalline nature.The 
maximum sorption of nitrate ion occurred in the pH range 3-6 and hence can be 
conveniently used for the removal of nitrate from water sources. Freundlich isotherm 
model is the most suitable model to describe the adsorption of nitrate onto PTZE 
based on R2 and lowest χ2, SSE SAE and MPSD values. The negative values of ΔG0 
and positive value of ΔH0 indicated the spontaneous and endothermic nature of the 
adsorption process. The kinetic data for adsorption of nitrate onto PTZE indicated that 
the adsorption process obeyed the pseudo second order equation. Elovich model 
suggested that the adsorption process is chemisorption in nature. Boyd’s and 
intraparticle diffusion model suggested that the adsorption process is controlled by 
film diffusion upto 30 min and thereafter, the process is controlled by intraparticle 
diffusion process. Bangham’s plots were found to be linear with R2 ≥ 0.9181, 
indicated towards the pore diffusion process. Fixed bed column studies suggested that 
the sorption of nitrate was dependent on the flow rate, bed height and initial nitrate 
concentration. The increase in bed height and initial nitrate concentration resulted in 
higher uptake. With increase in flow rate, the uptake was found to decrease. Bohart-
Adams, Thomas and Yoon-Nelson models were applied to experimental kinetic data. 
Thomas and Yoon-Nelson models provided better description of experimental kinetic 
data in comparison to Bohart-Adams model. Successful desorption and regeneration 
of PTZE demonstrated its economical value for water treatment process. 
Poly-o-toluidine stannic (IV) triethanolamine (PTSTA) was synthesized by mixing 
the poly-o-toluidine with stannic(IV) triethanolamine at room temperature. The hybrid 
material was found to be selective for Pb(II) ions. The characterization of the material 
was done using FTIR, XRD, TG-DTA, SEM-EDX and TEM. The initial pH of the 
solution has an influence on the adsorption process. Maximum adsorption of Pb(II) 
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ions (31.38 mg g-1) occurred in the pH range 6.0 – 6.5. Freundlich isotherm model 
was more applicable for the adsorption process as evidenced from the statistical 
parameters such as χ2, ARE (%) and RMSD. Pseudo-second order kinetic model was 
more applicable than pseudo first order model. The rate of sorption of Pb(II) was 
initially controlled by film diffusion and then changed to intraparticle diffusion after 
30 min. The thermodynamic study indicated that the sorption of Pb(II) is spontaneous 
and endothermic in nature. The sticking probability of Pb(II) onto PTSTA is very 
high. A single batch adsorption system has been designed to predict the mass of 
adsorbent required for desired Pb(II) ion removal efficiency at given initial Pb(II) 
concentration. 
The membrane sensor incorporating poly-o-toluidine zirconium(IV) ethylenediamine 
as an electroactive material was found to be selective and sensitive for nitrate ions in 
the pH range of 3.0 – 7.5. The response of membrane electrode was linear over the 
concentration range of   1.0 × 10−4 − 1.0 × 10−1M with a slope of -50.96 mV per 
decade change in concentration. It exhibited a fast response time (15 s), good 
reproducibility, low detection limit (5.09 × 10−5M) and a life time of 8 weeks. The 
selectivity of the electrode towards nitrate ions was quite good over other anions such 
as F-, Cl-, Br-, I-, NO2-, HCO3-, CO32-, SO42- and arsenite. The proposed ion-selective 
electrode was successfully applied to the direct determination of nitrate ion in 
vegetables, soils and water samples. 
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A B S T R A C T
Poly-o-toluidine zirconium(IV) ethylenediamine (PTZE) was synthesized to explore its behaviour
towards nitrate sorption. The material was characterized by FTIR, XRD, TGA, DTA, SEM and TEM. The
adsorption of nitrate onto PTZE was investigated in a batch system at 27 8C. The adsorption equilibrium
data were ﬁtted well to Freundlich isotherm model. A single-stage batch adsorption system was also
designed from equilibrium data using Freundlich isotherm model. The thermodynamic parameters such
as DG0, DH0 and DS0 for nitrate adsorption were calculated. The results showed that the adsorption
process was spontaneous and endothermic in nature.
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jou r n al h o mep ag e: w ww .e lsev ier . co m / loc ate / j iecIntroduction
Water pollution caused by nitrate has become a serious
environmental problem worldwide [1,2]. The increasing concen-
tration of nitrate in ground and stream waters is mainly due to
excessive use of nitrogenous fertilizers, disposal of untreated
municipal and industrial wastes, erosion of natural deposits,
poultry hog or cattle manure and by-products of organic
compounds from agriculture [3–5]. The level of nitrate concentra-
tion also rises during heavy rain episodes [6]. Nitrates are
extremely soluble in water and can move easily through soil into
the drinking water supply. The elevated concentration of nitrate in
surface and ground water causes eutrophication of water bodies
such as bays, lakes and ponds. The growth of algae and aquatic
plants are stimulated by eutrophication which can endanger the
aquatic life and deteriorate the water quality [2]. High nitrate level
in drinking water leads to production of nitrosamine, which is
related to cancer and increases the risk of diseases such as stomach
cancer in adults [2,7] and ‘blue baby syndrome’, a potentially fatal
blood disorder in infants [8]. World health organization [9] and US
Environmental protection agency [10] have set the maximum* Corresponding author. Tel.: +91 5712703515.
E-mail address: naﬁsurrahman05@gmail.com (N. Rahman).
http://dx.doi.org/10.1016/j.jiec.2014.11.004
1226-086X/ 2014 The Korean Society of Industrial and Engineering Chemistry. Publicontamination level of 50 mg/L and 10 mg/L NO3 , respectively.
Therefore, it is required to reduce the nitrate concentration in
drinking water below the permissible level.
Several physicochemical and biological methods have been
developed for the removal of nitrate from water. These include
biological denitriﬁcation [11,12], electrodialysis [13], reverse
osmosis [14], ion exchange [15], adsorption [16] and catalytic
reduction [17]. The use of biological methods seems to be more
effective in the treatment of wastewater containing high
concentration of nitrate. The drawback associated with such
techniques is the maintenance of optimum condition and
contamination by dead bacteria. On the other hand, adsorption
process for removal of nitrate from wastewater is considered most
suitable among other wastewater treatment technologies because
of low energy requirements, simplicity of design and possibility of
reusing after regeneration. Recently, functionalized natural zeolite
has been tested for removal of nitrate from drinking water [18]. Its
adsorption capacity for nitrate was 12.35 mg/g. Several amino-
functionalized mesoporous silica materials have been synthesized
and protonated form of such materials have been applied to
remove nitrate from water [19]. Fabrication of a novel composite
carbon electrode has been reported for selective removal of nitrate
in presence of chloride ion by coating a nitrate selective anion
exchange resin onto a carbon electrode [20]. Cetylpyridinium
bromide was used to modify aluminosilicate minerals to enhanceshed by Elsevier B.V. All rights reserved.
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hybrid material [22] and ion exchange resins such as Amerlite IRA-
400 [23] and Amerlite IRN 9766 [24] have been investigated for
removal of nitrate. The equilibrium sorption data were analysed
using different isotherm models; the Sips model gives the best ﬁt to
the experimental adsorption data [23]. Anion exchange membrane
with a quaternary ammonium functional group was investigated for
adsorption of nitrate from aqueous solution [25] and equilibrium
sorption data showed that the adsorption pattern on membrane
followed Langmuir isotherm. In addition, microparticles of crushed
and dried plants such as Carpobrotus edulis, Launea arborescens and
Withania frutescens have been used for removal of nitrate, phosphate
and heavy metals from wastewater [26–28].
The aim of this work was to study the adsorption of nitrate from
aqueous solution using hybrid poly-o-toluidine zirconium(IV)
ethlenediamine (PTZE) as an adsorbent. The main objectives are: (i)
Synthesis and characterization of adsorbent (ii) Experimental
investigation of the effect of operating conditions (iii) Modelling of
isotherm data (iv) Designing of single-stage batch adsorption
system, and (v) Study of thermodynamics of nitrate adsorption.
Experimental
Reagents
The reagents used for the synthesis of composite material were
zirconium oxychloride octahydrated (Otto Chemie. Pvt. Ltd.
Mumbai, India), ethylenediamine (Merck, India), o-toluidine (Sd.
Fine chem. Ltd. Mumbai, India) and ammonium persulphate
(Thomas Baker Chemicals Pvt. Ltd. Mumbai, India). All other
chemicals and reagents used were of analytical reagent grade.
Instruments
FTIR spectra were recorded with FTIR spectrophotometer
(Interspec 2020, spectrolab, UK). The thermal analysis was carried
out with DTG 60H Shimadzu thermal analyser in nitrogen
atmosphere at the rate of 10 (C min1. The SEM images were
recorded by using scanning electron microscope (JEOL JSM-6510LV).
The sample was also analysed by X-ray diffractometer (PW 3050/60;
X’PRO-PAN analytical, Netherland) with Cu Ka´ radiation
(a´ 1.54 A˚). A digital Ion-analyser (Elico L1 126, India), and
Eutech digital pH meter (cyberscan pH 2100) were used to measure
the concentration of nitrate ion and pH of the medium, respectively.
Synthesis of poly-o-toluidine zirconium(IV) ethylenediamine (PTZE)
The synthesis of PTZE was carried out in two steps. In the ﬁrst
step, poly-o-toluidine, a green coloured gel was prepared by
mixing 100 mL of 0.4 M ammonium persulphate, prepared in 4 M
HCl, with 100 mL of 20% o-toluidine prepared in 2 M HCl with
continuous stirring on a magnetic stirrer at 0 8C. In the second step,
zirconium(IV) ethylenediamine was prepared by mixing 100 mL of
0.1 M zirconium oxychloride with 0.1 M aqueous ethylenediamine
solution at room temperature; a white gelatinous precipitate was
formed. Poly-o-toluidine was mixed with the white gelatinous
precipitate of zirconium(IV) ethylenediamine. The pH of the
resulting mixture was adjusted to 2 and stirred on a magnetic
stirrer for 10 h. The resultant product was left at room temperature
for 24 h for digestion. It was then ﬁltered and washed with distilled
water to remove excess acid. The washed gel was dried in an oven
at 50 8C. The dried product was immersed into distilled water for
breaking into small particles. The small granules were converted
into Cl form by treating with 1 M HCl for 24 h with occasional
shaking. The excess Cl was removed by washing with distilled
water and ﬁnally dried in an oven at 50 8C.Chemical composition
To determine the composition of PTZE, 0.2 g of the material was
dissolved in 20 mL of concentrated H2SO4. The content of zirconium
and ethylenediamine were determined by spectrophotometry using
alizarin red S [29] and 3-p-iodophenyltetrazolium chloride [30] as
reagents, respectively. Carbon, hydrogen and nitrogen contents of
the material were determined by elemental analysis.
Chemical stability
To determine the chemical stability, portion of 250 mg of the
material was immersed in 20 mL of various concentrations of HCl,
HNO3, H2SO4, NaOH and distilled water for 24 h with occasional
shaking. The resulting solution was analysed for the content of
Zr(IV) and ethylenediamine spectrophotometrically [29,30].
Adsorption experiments
Adsorption procedure
Adsorption experiments were conducted in batch mode using a
known amount of the adsorbent with 50 mL of aqueous NO3
solutions in a series of 100 mL conical ﬂasks. The mixture was
shaken at a constant temperature for a given period of time. The
suspensions were ﬁltered and the ﬁltrate was analysed for NO3
content by ion analyser. Further the experiments were carried out
at varying conditions of pH, initial concentration, contact time and
temperature. The retained nitrate concentration in the adsorbent
phase was determined by the following equation:
qt ¼ C0  Ctð ÞV=m (1)
Where C0 (mg/L) and Ct (mg/L) are the concentrations of NO

3 in
the solution at time t = 0 and time t, V is the volume of the solution
(L) and m is the amount of adsorbent (g) added.
Error analysis
Following error functions were employed to ﬁnd the most
suitable isotherm model for representing the experimental data:
(1) Chi-square, x2
x2 ¼
Xn
i¼1
qe;exp  qe;cal
 2
qe;cal
2
64
3
75
(2) Sum of squared error, SSE
SSE ¼
Xn
i¼1
qe;cal  qe;exp
 2
(3) Sum of absolute error, SAE
SAE ¼
Xn
i¼1
qe;expj  qe;cal
 
i
(4) Marquardt’s percent standard deviation, MPSD
MPSD ¼ 100
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
n  p
Xn
i¼1
qe;exp  qe;cal
qe;exp
  !2vuut
Where qe,cal is the calculated value, qe,exp is the experimental
value, n is the number of data points and p is number of
parameters.
Table 1
Conditions for the synthesis of PTZE composite anion-exchange material.
S.no. Mixing volume ratios (v/v) mL Mixing volume ratios (v/v) mL pH Stirring time
(hours)
0.1 M of ZrOCl2.8H2O in DMW 0.1 M of C2H8N2 in DMW 20% of o-toluidine in 2 M HCl 0.4 M (NH4)2S2O8 in 4MHCl
1 100 100 – – 2.0 –
2 100 100 100 100 2.0 10
Fig. 1. Powder X-ray diffraction pattern of PTZE.
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PTZE was prepared by sol–gel method and the conditions of
synthesis are reported in Table 1. The chemical stability of PTZE
was assessed in different concentrations of acids and NaOH. No
dissolution occurred when the material was kept in 1 M HCl, 1 M
HNO3, 1 M H2SO4 and 0.1 M NaOH for 24 h. The study suggested
the chemical stability of the material as this parameter is required
for various applications in varied environment.
X-ray diffraction pattern of PTZE obtained between 208 and 808
showed ﬁve peaks (Fig. 1) at 23.703, 37.209, 43.436, 63.667 and
76.688 with d-spacing of 3.75, 2.41, 2.08, 1.46 and 1.24 A˚,
respectively. SEM images of zirconium(IV) ethylenediamine and
PTZE are given in Fig. 2a and b. The SEM image of zirconium(IV)
ethylenediamine shows rough morphology with irregular shape
and porous nature. A dramatic improvement of surface morpholo-
gy is observed after incorporation of poly-o-toluidine. This change
in morphology is related to the coordination of N of poly-o-
toluidine with Zr. TEM micrograph shows that the particle size lies
in the range of 10–20 nm (Fig. 2c). FTIR spectrum (Fig. 3) exhibits
absorption band at 1376 cm1 which can be ascribed to C–N
stretching vibration. The bands appearing at 3750 cm1 and
1583 cm1 may be attributed to N–H stretching and bendingFig. 2. (a): SEM image of Zirconium(IV)ethylenevibrations. The bands peaking at 621 cm1 and 438 cm1 may be
due to Zr–O and Zr–N stretching vibrations, respectively. The IR
spectrum also shows the absorption bands which are the
characteristics of benzene ring. The thermogravimetric curve of
the composite material shows loss in mass of 6.40% upto 175 8C
which is due to the external water molecules. The weight loss
(12.23%) from 175 8C to 470 8C may be due to the decomposition of
organic molecule present in the matrix. The further weight loss
upto 900 8C may be due to the complete decomposition of organic
polymer part of the composite material (Fig. 4). Correlating the
data with differential thermal analysis, an exothermic peak was
noticed at 336 8C conﬁrming the decomposition of material [31].
An endothermic peak was observed at 94 8C in the DTA curve
which indicated the loss of water molecules present as a free or
bonded form in the matrix.
The chemical and elemental analysis of PTZE show the
following composition: Zr 17.98%, C 42.58%, H 7.09%
and N 15.56%. On the basis of chemical composition and molar
ratios, the following structure of PTZE has been proposed;
In the hybrid material, zirconium atom is chelated with two
moles of ethylenediamine and bound with one oxo group and two
OH groups. N of poly-o-toluidine coordinates with Zr and
remaining coordination sites of Zr are occupied by water
molecules.diamine, (b): PTZE, (c): TEM image of PTZE.
(2)
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nH2O. Therefore, the value of ‘n’ the external water molecule can be
calculated using the Alberti’s equation [32]:
n ¼ X M þ 18nð Þ
18  100 (2)
Where X is the percent weight loss of the material and (M + 18n)
is the molecular weight of the material. The value of n was found to
be 1.8 per mole of the material.
Sorption studies
1.1. Effect of pH
The effect of pH on the nitrate sorption onto PTZE was studied in
the pH range 2–9 using 0.2 g of adsorbent and 100 mg/L nitrate
solution at room temperature (278C). The maximum sorption
occurs in the pH range 3–6. At pH < 3 (Fig. 5), the sorption of
nitrate is lower due to the competition of Cl ions (from HCl added
to adjust pH) with nitrate ion for the adsorption sites. At pH > 6,
the sorption capacity decreases due to the presence of OH ions in
the solution. The hydroxylated surface of PTZE developed positive
charge in acidic medium. Positive charge is also developed on
N-atom of poly-o-toluidine and hence the sorption of nitrate takes
place due to electrostatic interaction between positively charged
centers and nitrate ion. The adsorption of nitrate on PTZE can be
expressed by following mechanism:
Zr  OH þ HþÐ ZrOHþ2
ZrOHþ2 þ NO3 Ð ZrOHþ2 ----NO3
(1)
Effect of contact time
The adsorption capacity increases rapidly from 0 to 60 min and
complete equilibrium of nitrate adsorption was obtained at
90 min. Therefore, optimum contact time was chosen as 90 min
for subsequent measurements.
Adsorption capacity
The amount of nitrate adsorbed per unit mass of PTZE sorbent
increases with increase in initial concentration of nitrate in
solution (10–100 mg/L). The results showed that the PTZE had
adsorption capacity (qe,exp) of 20.09  0.25 mg/g for nitrate. The
adsorption capacities (qm) of various adsorbents for nitrate ions under
different environmental conditions are compared in Table 2. As can be
seen from the table that the adsorption capacities of activatedbentonite, wheat straw charcoal, bamboo powder charcoal, hydrous
bismuth oxide, modiﬁed natural clinoptilite and modiﬁed organo-
kaolinite clay are less than 10 mg/g. The comparison of qm shows that
PTZE exhibits reasonable capacity for nitrate.
Equilibrium modelling
Analysis of equilibrium data is important in developing an
equation that can be used to design and optimize an operating
procedure. In this study, the equilibrium data were analysed by
Langmuir, Freundlich, Temkin, Harkins–Jura and Hasley isotherm
models.
Langmuir isotherm
Langmuir [41] developed a model for the adsorption of species
onto a solid surface. Langmuir isotherm model assumes that the
adsorption occurs at speciﬁc homogenous sites; all sorption sites at
surface of the adsorbent are identical and energetically equivalent.
The model further assumes that the forces of interaction between
the adsorbed molecules are negligible and once an adsorbate
molecule occupies a site no further adsorption takes place.
Therefore, the adsorbent has a ﬁnite sorption capacity. The
monolayer or saturated sorption capacity can be represented by
the equation;
qe ¼
qmKLCe
1 þ KLCe (3)The linear form of the Langmuir equation is expressed as;
1
qe
¼ 1
qmKL
1
Ce
þ 1
qm
(4)
Where qe is the solid phase sorbate concentration at equili-
brium(mg/g), Ce is the aqueous phase sorbate concentration at
equilibrium(mg/L), qm is the monolayer adsorption capacity of the
adsorbent (mg/g) and KL represents the Langmuir isotherm constant
(L/mg). The plot of 1qe vs
1
Ce
for adsorption of nitrate on PTZE at 27 8C is
shown in Fig. 6. The values of qm and KL were determined from the
intercept and slope, respectively and reported in Table 3. The
feasibility of the Langmuir model is usually expressed in terms of
equilibrium parameter RL (i.e. separation factor) which is deﬁned as:
RL ¼ 11 þ KLC0 (5)
Fig. 3. FTIR spectrum of PTZE.
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constant, respectively. The value of RL predicts the nature of
adsorption. The favorable adsorption is indicated when 0 < RL < 1.
In the present investigation, the value of RL varies from 0.62–0.14
in the studied concentration range (10–100 mg/L) which indicated
the favorable adsorption of nitrate on PTZE.
Freundlich isotherm
Freundlich model assumes the heterogeneous surface and
adsorption sites are distributed exponentially. The linear form of
Freundlich isotherm [42] is expressed as;
ln qe ¼ ln kf þ
1
n
ln Ce (6)
Where kf and n are Freundlich constants indicating the relative
adsorption capacity of adsorbent and adsorption intensity, respec-
tively. The values of kf and n were determined from the slope and
intercept of plot of ln qe vs ln Ce (Fig. 7A). The parameters of
Freundlich isotherm are given in Table 3. The value of n was found to
be 1.26 which indicated the favorable adsorption of nitrate.
Temkin isotherm
Temkin and Pyzher [43] studied the heat of adsorption and
adsorbent–adsorbate interaction on surfaces. Temkin model is
expressed by the equation;
qe ¼
RT
bT
ln AT þ RT
bT
ln Ce (7)Fig. 4. TGA and DTA curves of PTZE.Where T is the absolute temperature, R is the universal gas
constant (8.314 J/molK), AT the equilibrium binding constant
(L g1) and bT the Temkin constant which is the variation of
adsorption energy (J/mol). The Temkin plot, (qe vs ln Ce) for
adsorption of nitrate on PTZE is presented in Fig. 7B. The value of bT
and AT were calculated from slope and intercept, respectively and
summarized in Table 3. The Temkin adsorption potential (AT) of
PTZE is 0.981 L g1 which indicated lower PTZE-nitrate potential.
The low value of bT (412.058 J mol
1 suggested a weak interaction
between PTZE and nitrate.
Harkins-Jura isotherm model
The multilayer adsorption and the existence of the heteroge-
neous pore distribution in the surface of the adsorbents are mainly
described by Harkins–Jura isotherm model [44] which is expressed
as:
1
q2e
¼ BHJ
AHJ
 1
AHJ
log Ce (8)
Where BHJ and AHJ are the Harkins–Jura constants. The value of
BHJ and AHJ can be determined from the slope and intercept of the
plot of 1=q2e vs log Ce, respectively (Fig. 8A) and the relevant
isotherm parameters are summarized in Table 3.0
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Fig. 5. Effect of pH on the adsorption of nitrate onto PTZE (adsorbent dose 0.2 g,
concentration 100 mg/L, temperature 27 8C).
Table 2
Adsorbents used for removal of nitrate and their adsorption capacities.
Adsorbent pH Maximum adsorption
capacity (mg/g)
Isotherm model Ref
ZnCl2 activated carbon 3–10 10.3 Freundlich [33]
ZnCl2 treated coconut granular activated carbon 4–11 10.3 Langmuir [34]
Surfactant modiﬁed zeolite 1.6–8.5 11.4 Freundlich [18]
Activated bentonite 3–5 8.68 Langmuir [35]
Wheat straw charcoal – 1.10 Langmuir [36]
Mustard straw charcoal – 1.30 Langmuir [36]
Bamboo powder charcoal – 1.09 Langmuir [37]
Hydrous bismuth oxide 5–10 0.51 Langmuir [38]
Modiﬁed natural clinoptilite – 2.5–5.6 – [39]
Modiﬁed organo-kaolinite clay – 0.028–0.286 Frumkin [40]
PTZE 4.5 20.09 Freundlich This work
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Fig. 6. Langmuir adsorption isotherm (temperature 27 8C; initial pH 4.5).
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Halsey Isotherm [45] can be used to evaluate the multilayer
adsorption process at a relatively large distance from the surface.
Mathematically it is expressed as;
ln qe ¼
1
nH
ln KH  1
nH
ln
1
Ce
(9)
Where KH and nH are the Halsey constant, which can be
calculated from the slope and intercept of the linear plot based on
ln qe vs ln Ce (Fig. 8B), respectively. The values of KH and nH are
given in Table 3.Table 3
Adsorption isotherm parameters for nitrate adsorption onto PTZE.
Isotherms 
Langmuir Temp (K) KL(L mg
1) qm (mg g
1) R
300 0.0616 28.81 0
Freundlich kf n R
300 1.743 1.26 0
Temkin AT (L g
1) bT (J mol
1) R
300 0.797 412.058 0
H–J AHJ BHJ R
300 0.197 0.215 0
Halsey KH nH R
300 2.03 1.269 0
a qe,exp 20.09  0.25 mg/g.It has been reported that linearization plots may not be a
signiﬁcant basis to accept or reject a model [46]. Therefore, it is
required to judge the suitability of the adsorption models from
error analysis. The ﬁtness of the simulated data with experimental
data was established using the statistical parameters such as R2, x2,
SSE, SAE and MPSD. The values of R2 for Temkin and Harkins–Jura
isotherm models is less than 0.94 which revealed that these
models could not describe the experimental adsorption data.
However, the value of R2 for Langmuir, Freundlich and Halsey
isotherm models is greater than 0.99 which indicated the
applicability of these models in describing the adsorption data.
Moreover, lower values of x2, SSE, SAE and MPSD for Feundlich
model indicated the applicability of this model is better than that
of Langmuir and Halsey isotherm models.
Designing of single-stage batch adsorption system from equilibrium
data
Adsorption isotherm data can be used to design the single-stage
batch adsorption system [47]. The initial nitrate ion concentration
was reduced from C0 to Ct at time t in a solution volume V. The
nitrate ion uptake onto W mass of adsorbent was also changed
from qo to qt. Therefore, the mass balance equation for batch
adsorption system can be represented as:
V C0  Ctð Þ ¼ W qt  q0ð Þ ¼ Wqt (10)
At equilibrium, Ct = Ce and qt = qe
In this study Freundlich isotherm model was the best isotherm
model and hence used to design the adsorption system. The above
equation can be written as;
W
V
¼ C0  Ctð Þ
qt
¼ C0  Ceð Þ
qe
(11)Parametersa
2 x2 SAE SSE MPSD (%)
.9977 2.641 8.723 76.09 8.723
2 x2 SAE SSE MPSD (%)
.9971 0.154 1.687 2.845 4.199
2 x2 SAE SSE MPSD (%)
.9383 0.705 3.429 11.758 8.535
2 x2 SAE SSE MPSD (%)
.8957 1077.88 19.726 389.115 49.101
2 x2 SAE SSE MPSD (%)
.9972 2405.37 19.922 396.886 49.589
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Fig. 7. (A): Freundlich adsorption isotherm and (B): Temkin adsorption isotherm
(temperature 27 8C; initial pH 4.5).
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Fig. 9. Design of single-stage batch adsorption system using Freundlich isotherm
model for PTZE mass against volume of NO3 ion containing aqueous solutions at the
initial concentration of 100 mg/L.
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V
¼ C0  Ceð Þ
kfCe
1
n
(12)
Fig. 9 shows the plot of mass of adsorbent vs volume of solution
at initial concentration of 100 mg/L for 60%, 70%, 80% and 90%
removal of nitrate at different volume of solution (1–10 L). It is
evident from the ﬁgure that 83.47 g of PTZE is required to remove
90% of nitrate from 10 L of solution at an initial concentration of
100 mg/L.
Thermodynamic study
The effect of temperature on the adsorption of nitrate onto the
adsorbent was studied at 27 8C, 35 8C, 40 8C and 50 8C keeping the
constant initial concentration of nitrate (100 mg/L). The thermo-
dynamic parameters such as Gibb’s free energy DGo
 
; enthalpy0.00 0.05 0.10
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Fig. 8. (A): Harkins–Jura adsorption isotherm, (B): Halsey achange DHo
 
and entropy change DSo
 
have been evaluated
using the following expressions:
Ko ¼ qe
Ce
(13)
DGO ¼ RT ln KO (14)
ln KO ¼ DS
O
R
DH
O
RT
(15)
In this study, ln KO was plotted against 1/T (Fig. 10) and the
values of DHo and DSo were calculated from slope and intercept of 0.15 0.20 0.25
1/q
e
2
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B
A
1/Ce
dsorption isotherm (temperature 27 8C; initial pH 4.5).
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Fig. 10. Vant’t Hoff plot for adsorption of nitrate.
Table 4
Thermodynamic parameters for nitrate adsorption.
Temp. (K) DGo J/mol DHo J/mol DSo J/mol.K
300 54.872 3328.348 11.293
305 126.788
313 200.115
323 320.908
N. Rahman, M.F. Khan / Journal of Industrial and Engineering Chemistry 25 (2015) 272–279 279plot, respectively and reported in Table 4. The value of DGo was
found to be negative at all the temperatures studied and becomes
more negative with increase in temperature. These suggested that
the adsorption is spontaneous and degree of spontaneity increases
with increase in temperature [48]. The positive values of DHo and
DSo indicated the endothermic nature of adsorption process and
the randomness at adsorbent/solution interface, respectively.
Conclusion
The hybrid material, PTZE was synthesized by sol–gel
technique. The material was used successfully for removal of
nitrate from aqueous solution. The speciﬁc conclusions drawn
from the present study are given below:
(1) The hybrid material, PTZE, was characterized by FTIR, XRD,
TGA, DTA, SEM and TEM. The XRD pattern revealed its
crystalline nature.
(2) The maximum sorption of nitrate ion occurred in the pH range
3–6 and hence can be conveniently used for the removal of
nitrate from water sources.
(3) Freundlich isotherm model is the most suitable model to
describe the adsorption of nitrate onto PTZE based on R2 and
lowest x2, SSE SAE and MPSD values.
(4) The negative values of DGo at all temperatures studied and
positive value of DHo indicated the spontaneous and endo-
thermic nature of the adsorption process.Acknowledgement
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Nitrate  removal  from  aqueous  solutions  was  studied  using  poly-o-toluidine  zirconium(IV)  ethylene-
diamine  (PTZE)  in batch  and  ﬁxed  bed  column  experiments.  The  kinetic  data  obtained  from  batch
experiments  were  analyzed  by pseudo  ﬁrst  order,  pseudo  second  order,  Elovich,  intraparticle  diffusion,
Boyd’s  and  Bangham’s  models.  The  adsorption  data  were  well  described  by  pseudo  second  order  model.
The  effects  of  operating  parameters  such  as ﬂow  rate  (1–3  mL  min−1),  bed  height  (1–3 cm)  and  concentra-
tion  (100–500  mg  L−1)  were  studied  in  column  mode.  The  adsorption  efﬁciency  increased  with increasingthylenediamine
itrate
ixed-bed column
reakthrough curves
esorption
initial  concentration  and  bed  height  and decreased  with  increasing  ﬂow  rate.  The  obtained  experimental
data  were  in good  agreement  with  Thomas  and  Yoon–Nelson  models,  but  in  the  case  of  Bohart–Adams
model,  low  correlation  coefﬁcient  was observed.  Desorption  of nitrate  from  PTZE  loaded  nitrate  was  car-
ried out  with  0.15  M NaOH  and  regenerated  with  1  M  HCl  solution.  The  adsorbent  can  be used successfully
upto  8  cycles  of sorption–desorption  processes.. Introduction
Nitrate is the most widespread contaminant of ground and sur-
ace waters all over the world. Agricultural over-application of
atural and synthetic fertilizers, aquaculture, municipal wastew-
ter, human and animal waste, overﬂowing septic tanks, processed
ood, dairy and meat products, detergent manufacturing and min-
ral processing industries are the sources of nitrate into the aquatic
nvironment [1]. High level of nitrate in drinking water may  cause
dverse health effects such as blue baby syndrome [2,3], especially
n infants, cyanosis and cancer of the alimentary canal [4], and
iabetes [5]. The European Community established a maximum
ontaminant level of 50 mg/L and recommended level of 25 mg/L
6]. Therefore, the monitoring and removal of nitrate from water are
elevant due to its potential dangerous impact on both environment
nd human health.
The conventional methods used for the removal of nitrate can be
ivided into three main groups: physical, chemical and biological
reatment processes [7–11]. Among them, adsorption methods are
enerally considered to be more promising and effective because
hey allow simple and economical operation, resulting in less
ludge production and disposal problems. In recent years, several
∗ Corresponding author.
E-mail address: naﬁsurrahman05@gmail.com (N. Rahman).
ttp://dx.doi.org/10.1016/j.jwpe.2016.01.007
214-7144/© 2016 Elsevier Ltd. All rights reserved.© 2016  Elsevier  Ltd.  All  rights  reserved.
studies have been performed to explore the application of zir-
conium(IV) based materials for adsorption of anionic pollutants
[12,13]. In our earlier studies [14], PTZE was  synthesized which
showed afﬁnity for nitrate in the pH range 3–6. The equilibrium
sorption data ﬁtted well to Freundlich isotherm model. A single-
stage batch adsorption system was developed from Freundlich
adsorption isotherm parameters for removal of nitrate from water.
A new inorganic-sugar beet pulp composite was  prepared from
sugar beet pulp after loading with zirconium(IV) ions and used for
removal of nitrate from water [15]. The adsorption of nitrate by
chitosan hydrobeads was increased with increase in the pH of solu-
tion and depends on the temperature with an optimum activity at
30 ◦C. The kinetic results corresponded well with the pseudo sec-
ond order rate equation and the intraparticle diffusion also played
a signiﬁcant role in the initial stage of adsorption process [16].
Arora et al. [17] have modiﬁed the surface of natural zeolite by
coating with a chitosan layer. The chitosan coated zeolite was pro-
tonated and used as adsorbent for removal of nitrate from water.
Nitrate can also be removed from aqueous solution by modiﬁed
clinoptilolite zeolite. The investigation of kinetic equations indi-
cated that nitrate adsorption followed pseudo ﬁrst order kinetic
model [18]. Adsorption of nitrate from aqueous solutions on ammo-
nium functionalized mesoporus MCM-48 silica was  investigated
[19,20]. The adsorbent was prepared via a post synthesis grafting
method using aminopropyltriethoxysilane. At ambient tempera-
ture, the removal of nitrate was maximum at pH 8.
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Zn/Al chloride layered double hydroxide was prepared and used
s sorbent for removal of nitrate [21]. Recently, the combination of
agnetic ϒ–Fe2O3 nanoparticles with a coating of hydroxyapatite
as been applied for the removal of nitrate from environmental
ater and soil samples [22]. Under the optimum conditions, the
dsorption efﬁciency of the adsorbent was in the range of 93–101%.
ydrous bismuth oxide has been used for the removal of nitrate
23]. The adsorption of nitrate onto HBO2 followed pseudo ﬁrst
rder kinetic model more closely compared with pseudo second
rder kinetic model. As the temperature of the solution increased,
he adsorption capacity of the HBO2 also increased, indicating the
ndothermic nature of adsorption process. Adsorption feasibility
f meso alumina and nano alumina has been assessed for nitrate
emoval from industrial efﬂuent samples. Rate kinetics of adsorp-
ion phenomenon depicts pseudo second order kinetic model.
ntraparticle diffusion and Elovich kinetic fail to explicit effectively
he adsorption data [24]. Ahmad et al. [25] have synthesized alu-
ina supported nano zero valent zinc and used as adsorbent for
emoval of arsenic and nitrate from water. The adsorption data ﬁt-
ed well to pseudo second order kinetic model. Ji et al. [26] have
nvestigated the feasibility of hybrid system of zero valent iron
ombined with adsorbents for the removal of nitrate from water.
he maximum nitrate removal in combined Fe◦-granular activated
arbon, Fe◦-ﬁltralite and Fe◦-sepiolite systems was  86, 96 and 99%,
espectively.
Iron impregnated acrylamide matrix was used to treat the
harmaceutical wastewater in a ﬂuidized bed reactor as hetero-
eneous catalyst [27]. The biomaterials have also been employed
or removal of pollutants from wastewater. An indigenous mixed
acterial culture was used to decolorize acid red 88 dye under static
ondition. The decolorization parameters were optimized using
aguchi’s OA experiments [28]. Base activated Setaria verticillata
arbon was found to be a promising adsorbent for the removal of red
ellow 15 dye from aqueous solution [29]. Most studies on nitrate
emoval by adsorbents have been carried out in batch mode. How-
ver, few studies have been reported for removal of nitrate in ﬁxed
ed columns [30–32]. The advantages associated with ﬁxed bed col-
mn  experiments include (i) the direct application to get reliable
olution for designing optimization and (ii) providing breakthrough
urves of ﬁxed bed columns in the removal of nitrate from real
ater treatment processes.
The purpose of this investigation was to gain an insight into
he removal efﬁciency of nitrate by PTZE in both batch and ﬁxed-
ed systems. The objectives of this study were divided into the
ollowing parts:
(i) Analysis of experimental data from batch adsorption by
pseudo-ﬁrst order, pseudo-second order, Elovich, intraparticle
diffusion, Boyd’s and Bangham’s adsorption kinetic equations.
(ii) Investigation of effects of column operating parameters such
as ﬂow rate, bed height and initial concentration on the break-
through curves.
iii) Analysis of experimental data from column adsorption using
Bohart–Adams, Thomas and Yoon–Nelson models, and
iv) Desorption of nitrate from PTZE loaded nitrate to evaluate the
possibility of reuse.
. Experimental
.1. Reagents and instrumentZirconium oxychloride octahydrate (Otto Chemie. Pvt., Ltd.,
ndia), ethylenediamine (Merck, India), o-toluidine (Sd. Fine Chem.
td., India) and ammonium persulphate (Thomas Baker ChemicalsFig. 1. Effect of contact time on adsorption capacity of nitrate (adsorbent
dose = 0.2 g, temperature = 27 ◦C, pH 4.5).
Pvt., Ltd., India) were used for the synthesis of poly-o-toluidine
zirconium(IV) ethylenediamine. All other chemicals and reagents
used were of analytical reagent grade. Double distilled water was
used for all the studies. A digital ion-analyzer (Elico LI 126 India)
and Eutech digital pH meter (Cyberscan pH 2100) were used for
measuring the concentration of nitrate ion and pH of the solution,
respectively.
2.2. Preparation of poly-o-toluidine zirconium(IV)
ethylenediamine (PTZE)
PTZE was  synthesized according to previously described pro-
cedure [14]. A white gelatinous precipitate of zirconium (IV)
ethylenediamine was  prepared by adding equal volumes of 0.1 M
zirconium oxychloride solution and 0.1 M aqueous ethylenedi-
amine at 27 ◦C. Poly-o-toluidine was prepared by mixing equal
volumes of 0.4 M ammonium persulphate in 4 M HCl and 20% o-
toluidine prepared in 2 M HCl with constant stirring on a magnetic
stirrer at 0 ◦C. A green colored gel was obtained. Further, the gel
of poly-o-toluidine was  added to the white gelatinous precipitate
of zirconium(IV) ethylenediamine and pH of the resulting mixture
was adjusted to 2.0. It was stirred on a magnetic stirrer for 10 h
and left at room temperature for another 24 h for digestion. The
PTZE gel was ﬁltered off, washed thoroughly with distilled water
to remove excess acid and any other adhering trace of ammonium
persulphate. The washed gel was dried in an oven at 50 ◦C and then
the product was  immersed in distilled water to obtain small gran-
ules. The material was  converted into form by treating with 1 M HCl
solution for 24 h. The excess was removed by several washings with
distilled water. The material was ﬁnally dried in an oven at 50 ◦C
and sieved to obtain particles of uniform size range (∼125 m).
2.3. Batch adsorption experiments
The adsorption experiments were performed by batch process.
Fixed amount of PTZE (0.2 g) was added in the stoppered conical
ﬂasks containing 50 mL  of nitrate ion solution of different concen-
trations (10, 60 and 100 mgL−1) at pH 4.5. The mixture was shaken
for the desired contact time in an electrically thermostated recip-
rocating shaker at the rate of 120 strokes/min at 27 ± 1 ◦C. At the
regular interval of time, the conical ﬂask from the shaker was  with-
drawn and then the adsorbent was separated from the nitrate ion
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olution by ﬁltration through 0.45 m membrane ﬁlter. The ﬁltrate
as analyzed for nitrate ion by ion-analyzer.
The amount of nitrate ion (qt ,mg g−1) retained in the adsorbent
hase at time ‘t’ was estimated by the following equation:
t = (Co − Ct) vw (1)
here Co and Ct are the liquid phase concentrations of nitrate at
nitial and at time ‘t’, respectively. V is the volume of solution (L)
nd W is the mass of the adsorbent used (g).
.4. Column adsorption experiments
The ﬁxed bed column adsorption studies were conducted using a
aboratory-scale glass column of 1 cm i.d. and 25 cm length. The col-
mn  was packed with known quantity of PTZE to obtain a particular
ed height. A glass wool plug was placed on both the inlet and outlet
f the column to avoid any loss of adsorbent material. In a typical
xperiment, a synthetic nitrate solution was fed into the column
rom the top at a desired ﬂow rate using a peristaltic pump. The ﬂow
ate was cross-checked at the exit of the column at regular inter-
als to prevent and minimize the ﬂow rate ﬂuctuations, if occurred
n the column bed. The samples were collected at the exit of the
olumn at different time intervals and the concentration of nitrate
n the efﬂuent was determined with ion-analyser using nitrate ion
elective electrode. To study the effect of ﬂow rate on the adsorp-
ion of nitrate onto PTZE, experiments were carried out at three
ifferent ﬂow rates: 1–3 mL  min−1. The effect of bed height on col-
mn  adsorption process was studied at three different bed heights:
–3 cm,  keeping other parameters constant. The effect of initial
oncentration of nitrate was studied at 100, 250 and 500 mg  L−1,
eeping the optimized values of ﬂow rate and bed height constant.
ll column adsorption experiments were conducted in duplicate
nd the mean values were used in data analysis.The total amount of nitrate adsorbed, Aads (mg), in the ﬁxed bed
olumn was calculated using the equation:
Aads = v(ti − ti−1)
[
(1 − cco )i
]
Co(2) PTZE (adsorbent dose = 0.2 g, temperature = 27 ◦C, pH 4.5).
where v is the ﬂow rate of inﬂuent (mL  min−1), ti is the ith time
point and
(
C
Co
)
is the ratio of ith efﬂuent concentration over the
initial inﬂuent concentration. The total amount of nitrate ion sent
to the column was  calculated from the following equation:
Atotal =
Co × v × te
1000
(3)
where Co is the inlet nitrate ion concentration (mg  L−1), v is the
volumetric ﬂow rate (mL  min−1) and te is the exhaustion time (min).
3. Results and discussion
3.1. Batch studies
The effect of contact time on the adsorption of nitrate onto PTZE
was studied upto 150 min  at different initial concentrations (10,
60 and 100 mgL−1). Fig. 1 shows the results of the nitrate uptake
as a function of time. It was observed that the time to achieve the
equilibrium is independent of initial nitrate concentration. Nitrate
uptake was  rapid initially and thereafter, it was gradually reached
to an equilibrium condition at 90 min.
The effect of competitive adsorption between NO−3 anion and
SO2−4 , CO
2−
3 , HCO
−
3 or
Cl− anions was also studied. The experiments were carried out
using equal initial concentrations of all anions. The competitive
aspects was ﬁrst investigated in pairs such as NO−3 with Cl
−, SO2−4 ,
CO2−3 or HCO
−
3 and ﬁnally with a solution containing all the stud-
ied anions (e.g. NO−3 , SO
2−
4 , CO
2−
3 ,HCO
−
3 , Cl
−). It was observed that
Cl−, HCO−3 and CO
2−
3 did not affect the adsorption of NO
−
3 onto PTZE
while the presence of SO2−4 ions resulted in the decrease of removal
efﬁciency of nitrate by the column process.In order to investigate the mechanism of adsorption,the kinetic
data were analyzed by pseudo-ﬁrst order, pseudo-second order,
Weber and Morris intraparticle diffusion, Boyd’s and Bangham’s
models.
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The pseudo ﬁrst order rate expression is presented as [33]:
og (qe − qt) = logqe − K12.303 t (4)
here qe and qt are the amount of nitrate adsorbed per unit mass of
dsorbent at equilibrium and at time ‘t’ (mg  g−1), respectively and
1 is the rate constant of pseudo ﬁrst order kinetic model (min−1).
he plots of log(qe−qt) vst for different concentrations of nitrate are
hown in Fig. 2. The values of K1 and qe were calculated from slope
nd intercept of the plots and summarized in Table 1. The values of
inear regression coefﬁcient (R2) vary from 0.9820–0.9877. More-
ver, pseudo-ﬁrst order kinetic model predicts a much lower value
f equilibrium adsorption capacity than the experimental value
hich suggests the non-applicability of this model
The pseudo second order kinetic equation based on adsorptionapacity is expressed as [34,35]:
dqt
dt
= K2(qm − qt)2 (5)type 2, (c) type 3, (d) type 4 (adsorbent dose = 0.2 g, temperature = 27 ◦C, pH 4.5).
where K2 is the pseudo second order rate constant (g mg−1 min−1),
qm and qt are amount of solute adsorbed at equilibrium and at time
‘t’ (mg  g−1), respectively. Integrating Eq. (5) for boundary condi-
tions: t = 0 to t = t and qt = 0 to qt=qt to yield;
qt = q
2
mK2t
1 + qmt (6)
The initial rate of adsorption (ho,2) was calculated from the pseudo-
second order model using the equation:
ho,2 = K2q2e (7)
The pseudo second order kinetic equation can be linearized as four
different types (Table S1, ESM) which allow the calculation of qm
and K2 values [36]. Fig. 3(a–d) shows the plots of different types
of pseudo second order linear equations for adsorption of nitrate
onto PTZE. The values of pseudo second order rate constant (K2),
amount of nitrate sorbed at equilibrium (qm) and initial sorption
rate (ho,2) were calculated and summarized in Table 1. The values of
R2 obtained from Type 1 pseudo second order kinetic model for all
initial nitrate concentrations were in the range of 0.9955–0.9992
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Table 1
Kinetic parameters for nitrate adsorption onto PTZE at different initial concentrations of nitrate.
Pseudo ﬁrst order model Parameters
Co (mg  L−1) qe, cal(mg  g−1) K1(min−1) R2
10 1.46 0.060 0.9824
60  9.33 0.045 0.9483
100  15.03 0.032 0.9877
Pseudo second order model
Type 1
Co(mg  L−1) mg  g−1) K2(g mg−1 min−1) ho,2 (mg g−1min−1) R2
10 2.34 0.066 0.309 0.9992
60  13.79 0.005 0.740 0.9955
100  23.70 0.002 0.888 0.9975
Type  2
Co(mg  L−1) (mg g−1) K2(g mg−1 min−1) ho,2 (mg g−1min−1) R2
10 2.33 0.068 0.370 0.9856
60  15.27 0.003 0.789 0.9639
100  21.38 0.002 0.942 0.9420
Type  3
Co(mg  L−1) (mg  g−1) K2(g mg−1 min−1) ho,2 (mg g−1min−1) R2
10 2.34 0.067 0.366 0.9739
60  14.15 0.005 0.920 0.8699
100  23.42 0.002 1.306 0.9891
Type  4
Co(mg  L−1) (mg  g−1) K2(g mg−1 min−1) ho,2 (mg g−1min−1) R2
10 2.35 0.065 0.359 0.9739
60  14.77 0.004 0.837 0.8699
100  23.49 0.002 1.297 0.9891
Elovich model
Co(mg  L−1) (mg  g−1 min−1) (g mg−1) R2
2.946 0.9588
0.344 0.9296
0.196 0.9921
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b10 2.79 
60  0.83 
100  2.82 
ndicating that the adsorption of nitrate onto PTZE follows the
seudo second order kinetic model. Moreover, the value of the
dsorption capacity is close to the experimental value. The values
f R2 for Type 2, Type 3 and Type 4 models were lower than that
btained for Type 1 model. The best ﬁt was obtained by Type 1
xpression as is evidenced from highest R2 values.
The Elovich equation has been applied to describe second-order
inetics when chemisorption occurs on adsorbents with energeti-
ally heterogeneous reactive sites [37,38]. The Elovich equation is
xpressed as [39]:
dqt
dt
= ˛exp
(
−ˇqt
)
(8)
here  is the initial adsorption rate (mg  g−1min−1) and  is the
dsorption constant (g mg−1).
Chien and Clayton [40] assumed that ˛  ˇ  t t and applying the
oundary conditions; qt = 0 at t = 0 and qt=qt at t = t, the above equa-
ion is simpliﬁed as:
t = 1
ˇ
ln
(

)
+ 1

lnt (9)
f the adsorption data ﬁt the Elovich model, a plot of qtvsln t
hould yield a linear relationship with slope of 1
ˇ
and intercept of
1
ˇln(˛ˇ) Fig. 4 shows the plots of qtvslnt for adsorption of different
oncentrations of nitrate onto PTZE. The values of  ˇ and  ˛ were
alculated from slope and intercept of the plots, respectively and
ummarized in Table 1. The values of  ˛ and  ˇ at different initial
oncentrations of nitrate (10, 60 and 100 mg  L−1) vary in the range
f 2.79–2.82 mg  g−1 min−1 and 0.196–2.946 g mg−1, respectively. It
as been reported that  is related to the rate of chemisorption
hile  ˇ is related to the surface coverage. As can be seen from
able 1 that the rate of adsorption can be enhanced by increasing
he initial concentration of nitrate. The higher values of  ˛ and R2
ndicate that the adsorption of nitrate onto PTZE can be explained
y chemisorption mechanism.Fig. 4. Elovich plots for nitrate adsorption onto PTZE (adsorbent dose = 0.2 g, tem-
perature = 27 ◦C, pH 4.5).
3.2. Diffusion based kinetics
Pseudo ﬁrst and pseudo second order kinetic models cannot
identify the inﬂuence of diffusion on sorption and hence, Weber and
Morris equation has been used for the calculation of the rate con-
stants of intraparticle diffusion. The rate of intraparticle diffusion
can be calculated using the equation [41]:
qt = Kidt0.5 + Cid (10)
where Kid is the intraparticle diffusion rate constant (mg g−1 min−1)
and Cid is the intercept which is proportional to the boundary layer
thickness. If the value of Cid is zero, then the rate of adsorption
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Fig. 5. Plots for evaluating intraparticle diffusion rate constant for sorption of nitrate onto PTZE (adsorbent dose = 0.2 g, temperature = 27 ◦C, pH 4.5).
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tFig. 6. Boyd plots for nitrate adsorption onto PTZE and different initial
s controlled by intraparticle diffusion for the entire adsorption
eriod. However, the plot of qtvs t0.5 usually shows more than
ne linear portions and if the slope of ﬁrst portion is not zero,
hen the ﬁlm diffusion is the rate controlling step in the begin-
ing. Fig. 5 shows the plots of q vs t0.5 for the adsorption oft
ifferent concentrations of nitrate onto PTZE at 27 ◦C. The intra-
article diffusion plot is multilinear. As can be seen in the ﬁgure
hat for initial nitrate concentrations of 10, 60 and 100 mg  L−1, thee concentrations (adsorbent dose = 0.2 g, temperature = 27 ◦C, pH 4.5).
initial part of plot is connected to faster mass transfer through the
boundary layer, then changes to intraparticle diffusion control after
30 min. The values of Kid are summarized in Table 2. The value of
Kid increases with increasing concentration of nitrate. This can be
explained by considering the q values at the beginning of intra-
particle diffusion control: the overall adsorption rate is controlled
by intraparticle diffusion when the values of qe are about 1.85,
9.97, and 14.85 mg  g−1 for initial nitrate concentration of 10, 60 and
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Table 2
Diffusion based kinetic parameters for nitrate adsorption onto PTZE at different initial concentrations of nitrate.
Boyd model
Co(mg/L) D1 (cmS−1) B (min−1) R2
10 1.77*10−8 0.0672 0.9387
60  1.59*10−8 0.0605 0.9937
100  1.16*10−8 0.0442 0.9627
Intraparticle diffusion model
Co(mg/L) D2 (cmS−1) Kid R2
10 4.97*10−8 0.0415 0.7954
60  2.3*10−8 0.4855 0.9952
100  5.09*10−8 1.2276 0.9662
Bangham’s model
Co(mg/L)  K0 R2
 0.9689
 0.9181
 0.9866
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l10 0.4049 2.048
60  0.5648 1.614
100  0.5944 1.534
00 mg  L−1, respectively. The increasing values of surface loading
rovide enhanced driving force for intraparticle diffusion.
The Boyd’s model is often employed to gain an insight into the
echanism of adsorption. The contribution of boundary layer is
sually conﬁrmed by the Boyd’s model. The ﬁlm diffusion model of
oyd is expressed as [42]:
 = 1 − 6
˘
∞∑
n=1
1
n2
exp
(
−n2Bt
)
(11)
here F is the fractional attainment of equilibrium at time‘t’ and is
eﬁned as:
 = qt
qe
(12)
ate coefﬁcient B is related to the effective diffusion coefﬁcient (Di,
m2 S−1) and the particle radius as:
 = Di˘
2
r2
(13)
Rienchenberg [43] had suggested the calculation of Bt values for
ifferent F values using the following equation:F  values from 0 to
.85
t = 2  ˘ − ˘
2F
3
− 2˘(1 − ˘F
3
)
1/2
(14)
 values from 0.86 to 1.0
t = −0.498 − ln (1 − F) (15)
he values of Bt can be computed for each value of F and then plot-
ed against time. If the plot is linear and passing through the origin,
hen the sorption process is governed by the particle diffusion con-
rolled mechanism; if it is not so, the sorption process is controlled
y ﬁlm diffusion. The plots of Btvst for adsorption of different con-
entrations of nitrate onto PTZE at 27 ◦C are shown in Fig. 6. The
lots are linear in the initial period of adsorption but do not pass
hrough the origin, indicating that the ﬁlm diffusion is the rate con-
rolling step in the beginning of the adsorption. The observance of
n intercept is an indication of external mass transfer. A linear rep-
esentation in coordinate’s
[
2 − ˘2F3 − 2(1 − F3 )
1
2
]
vs t was
sed to evaluate the parameter B and the respective effective dif-
usion coefﬁcient. The values of B, Di and R2 are summarized in
able 2.
Bangham’s equation was applied to check whether or not the
ore-diffusion is the only rate controlling step [44]. The equation
s expressed as:
og
{
log
[
Co
Co − qtM
]}
= logKo M2.303 + ˛logt (16)Fig. 7. Bangham’s plots for adsorption of nitrate onto PTZE (adsorbent dose = 0.2 g,
temperature = 27 ◦C, pH 4.5).
where Co is the initial concentration of the adsorbate in solution
(mg  L−1), V is the volume of the solution (mL), M is the mass of
adsorbent (g L−1), qt (mg g−1) is the amount of adsorbate retained
at time ‘t’ and  (<1) and Ko are the constants. Fig. 7 shows the plots
of log
{
log
[
Co
Co−qtM
]}
vslogt for different initial concentrations of
nitrate ion. The plots were found to be linear for all the concen-
trations with good correlation coefﬁcient (R2: 0.9181–0.9866). The
linearity of these plots conﬁrmed the applicability of Bhangham’s
equation and indicated that the adsorption was  pore diffusion con-
trolled.
3.3. Fixed bed column studies
3.3.1. Effect of the solution ﬂow rate
The adsorption columns were operated by varying the ﬂow rate
of nitrate ion solution between 1–3 mL  min−1. In this process, the
initial nitrate ion concentration and bed height were maintained at
100 mg/L and 1.0 cm,  respectively. The breakthrough curves for the
column were obtained by plotting
(
Ct
Co
)
against time (Fig. 8) and the
adsorption column data are summarized in Table S2, ESM. It can be
seen from Fig. 8 that the breakthrough time decreased from 30 to
10 min  with increasing ﬂow rate from 1 to 3 ml  min−1. Moreover,
the saturation time of the column was also found to decrease from
125 to 75 min. Thus, the adsorption efﬁciency is higher at lower
ﬂow rate i.e. 1 mL  min−1; this can be due to two phenomena: (I) at
lower ﬂow rate, the residence time of nitrate ion in the column is
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Fig. 8. Breakthrough curves on total nitrate removal at various column ﬂow rate
(beg height 1 cm, initial nitrate concentration 100 mg  L−1).
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big. 9. Breakthrough curves on total nitrate removal at various column bed depth
ﬂow rate 1 mL  min−1, initial nitrate concentration 100 mg  L−1).
ore, and (II) the nitrate ions have more time to diffuse into the
ores of PTZE through the intraparticle diffusion. At a higher ﬂow
ate, the adsorption capacity was lower due to insufﬁcient resi-
ence time of nitrate in the column and solution leaves the column
efore equilibrium occurred.
.3.2. Effect of bed height
To study the effect of bed height on the removal of nitrate, the
reakthrough curves for the adsorption of nitrate ions onto PTZE
ere obtained keeping the inlet concentration of 100 mg  L−1 and
ow rate of 1 mL  min−1 constant (Fig. 9). It is evident from Fig. 9
hat the steepness of the breakthrough curve is a function of bed
eight. The slope of the breakthrough curve decreased with increas-
ng bed height which resulted in a broadened mass transfer zone.
he increase in the nitrate removal with increasing bed height may
e due to increased surface area of the adsorbent and thus more
inding sites are available for adsorption. The removal efﬁciency,
reakthrough time and saturation time increased with increase in
ed height (Table S2, ESM). These observations suggested that theFig. 10. Breakthrough curves on total nitrate removal at various inﬂuent concen-
trations (ﬂow rate 1 mL  min−1, bed height 3 cm).
bed height of 3 cm offered optimum breakthrough curves and hence
all further experiments were carried out at 3 cm bed height keeping
the ﬂow rate of 1 mL  min−1. It was  also observed that the maximum
nitrate removal occurred at the initial stage of the experiments.
3.3.3. Effect of initial nitrate ion concentration
The effect of initial nitrate concentration was  studied at three
concentration levels (100,250 and 500 mg  L−1) keeping the ﬂow
rate (1 mL  min−1) and bed height (3 cm)  constant. Under these
conditions, breakthrough curves were obtained (Fig. 10) and
adsorption data are summarized in Table S2, ESM. It is evident
from Fig. 10 that the value of ctco reached 0.28, 0.90 and 0.98 in the
time interval of 100 min  when the inlet concentration of nitrate
was 100, 250 and 500 mg  L−1, respectively. It was also observed
that the breakthrough time decreased with increasing inlet nitrate
concentration as the binding sites became more quickly saturated.
At lower inlet concentration of nitrate, the breakthrough curve
is ﬂatter which indicated a relatively wide mass transfer zone
and ﬁlm controlled process. At higher inlet nitrate concentration
(500 mg  L−1), the breakthrough curve is sharp which suggested
a relatively smaller mass transfer zone and intraparticle diffu-
sion controlled process. The same trend was also observed for the
adsorption of Cr(VI) onto thermally activated weed Salvinia cucul-
lata [45].
3.4. Breakthrough curve modeling
The operation and dynamic response of an adsorption col-
umn  can be predicted by the breakthrough point and shape of
the breakthrough curve. In this study Bohart–Adams, Thomas and
Yoon–Nelson models have been applied to determine the charac-
teristic parameters of the column.
3.4.1. Bohart–Adams model
Bohart and Adams model described the relationship between
ct
ct
and t in a continuous ﬂowing sytem. The model is used for
the description of initial part of breakthrough curve [46,47]. The
mathematical equation of this model can be expressed as:1n(
ct
co
) = KABCot − KABNo(
Z
uo
) (17)
where Co and Ct are the inlet and outlet adsorbate concentrations
(mg  L−1), respectively, KAB is the kinetic constant (L mg−1 min−1), Z
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Table 3
Parameters of the Bohart–Adams, Thomas and Yoon–Nelson models at different conditions.
Parameters KAB(L mg−1min−1) No (mg  L−1) R2
Bohart–Adams model 1.95 × 10−4 10718 0.9740
Flow  rate (mL) 1
2 3.24 × 10−4 20245 0.9551
3  2.85 × 10−4 16030 0.9291
Bed  height (cm) 1 1.95 × 10−4 10718 0.9740
2  2.81 × 10−4 5852 0.9276
3  3.35 × 10−4 4670 0.9453
Initial concentratio
(mg  L−1)
100 3.35 × 10−4 4670 0.9453
250  1.01 × 10−4 8720 0.9131
500  6.88 × 10−5 13693 0.9109
Thomas model KTH (mL  min−1mg−1) qo (mg g−1) R2
Flow rate (mL) 1 7.20 × 10−4 3.232 0.9751
2  8.61 × 10−4 2.351 0.9500
3  1.02 × 10−3 1.828 0.9343
Bed  height (cm) 1 7.20 × 10−4 3.232 0.9751
2  7.39 × 10−4 1.976 0.9822
3  7.42 × 10−4 1.745 0.9629
Initial concentration
(mg  L−1)
100 7.42 × 10−4 1.745 0.9629
250  8.00 × 10−4 1.127 0.9691
500  9.91 × 10−4 0.862 0.9899
Yoon–Nelson model KYN (min−1)  (min) R2
Flow rate (mL) 1 0.072 64.562 0.9345
2  0.086 47.022 0.9500
3  0.102 36.65 0.9737
Bed  height (cm) 1 0.072 64.562 0.9345
2  0.073 79.04 0.9822
3  0.061 97.97 0.9482
Initial concentration
(mg  L−1)
100 0.061 97.97 0.9482
250  0.08 67.65 0.9691
500  0.099 51.75 0.9899
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oig. 11. Bohart–Adams plots for the adsorption of nitrate onto PTZE: effect of ﬂow
ate (bed height 1 cm;  Co = 100 mg  L−1).
s the bed height (cm), uo is the linear velocity (cm min−1) and No
s the saturation concentration (mg  L−1). In this study, the range
f time was considered from beginning to the end of the break-
hrough curve. 1n( ctco ) was plotted against ‘t’ at different ﬂow rates,
ed heights and initial concentrations of nitrate ions (Figs. 11–13
. The values of KAB and No were calculated from the slope and
ntercept of the plot, respectively. The calculated values of KAB
nd No along with correlation coefﬁcients (R2) are summarized in
able 3. It is evident from Table 3 that the mass transfer coefﬁcient
ncreased with increase in ﬂow rate and the correlation coefﬁcient
ecreased from 0.9740 to 0.9291. The correlation coefﬁcients were
ound to be high for the study of ﬂow rate which indicated that
ohart–Adams model is applicable for predicting the initial process
f the present system. The mass transfer coefﬁcients increased withFig. 12. Bohart–Adams plots for the adsorption of nitrate onto PTZE: effect of bed
height. (ﬂow rate 1 mL  min−1, Co = 100 mg L−1).
both increase in bed height and initial concentration of nitrate ion.
The results suggested that the overall system kinetics was  domi-
nated by external mass transfer in initial part of adsorption in the
column [48].
3.4.2. Thomas model
Thomas model is one the most general and widely used model to
describe the performance of sorption process in a ﬁxed bed column.
This model assumes plug ﬂow behavior in the bed and uses Lang-
muir isotherm for equilibrium and second order reversible kinetics.
Thomas model is expressed by the equation [49]:
ln
(
Co
Ct
− 1
)
= Kthqom
Q
− KthCot (18)
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Fig. 13. Bohart–Adams plots for the adsorption of nitrate onto PTZE: effect of inlet
concentration (ﬂow rate 1 mL  min−1; bed height 3 cm).
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Fig. 15. Thomas plots for the adsorption of nitrate onto PTZE: effect of bed height
(ﬂow rate 1 mL  min−1; Co = 100 mg L−1).ig. 14. Thomas plots for the adsorption of nitrate onto PTZE: effect of ﬂow rate
bed height 1 cm;  Co = 100 mg L−1).
here Kth is the Thomas rate constant (mL  min−1 mg−1), qo is the
aximum sorption capacity (mg  g−1), m is the mass of adsorbent
g) and Q is the ﬂow rate (mL  min−1). The values of Kth and qo can
e evaluated from the slope and intercept of the plot of ln
(
Co
Ct
− 1
)
st.
In this study, Thomas model was applied to the data at ( CtCo ) ratios
igher than 0.085 and lower than 0.985 with respect to the ﬂow
ate, bed height and inlet nitrate concentration. Thomas rate con-
tant (Kth) and maximum sorption capacity (qo) were evaluated
rom the slope and intercept, respectively, of the plot ofln
(
Co
Ct
− 1
)
ersus ‘t’ (Figs. 14–16 ). The values of Kth, qo and R2 are presented
n Table 3. As can be seen in Table 3 that the values of correlation
oefﬁcient (R2) vary from 0.9343 to 0.9899. The values of Thomas
ate constant, Kth, increased and the values of qo decreased with
ncreasing ﬂow rate. It was also observed that the bed capacity (qo)
ecreased and Kth value increased with increase in bed height. Sim-
lar trend has also been observed for removal of Cr(VI) [42]. Hence,
ower ﬂow rate and lower initial concentration would increase the
dsorption of nitrate on the column packed with PTZE. The exper-Fig. 16. Thomas plots for the adsorption of nitrate onto PTZE: effect of inlet concen-
tration (ﬂow rate 1 mL  min−1; bed height 3 cm).
imental data ﬁtted well to the Thomas model which indicated that
the external and internal diffusion will not be the limiting step.
As the inlet concentration of nitrate increased, the value of qo
decreased but the value of Kth increased. The reason is that the driv-
ing force for adsorption is the concentration difference between the
adsorbate on the adsorbent and adsorbate in the solution. Similar
observations were reported for adsorption of azo dye onto granular
activated carbon [44].
3.4.3. Yoon–Nelson model
Yoon–Nelson model is based on the assumption that the rate
of decrease in the probability of adsorption for each adsorbate
molecule is proportional to the probability of adsorbate adsorption
and the probability of the adsorbate breakthrough on the adsor-
bent. The linear form of Yoon–Nelson model is expressed as [50]:ln
(
Ct
Co − Ct
)
= KYNt − KYN (19)
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Fig. 18. Yoon–Nelson plots for the adsorption of nitrate onto PTZE: effect of bed
height (ﬂow rate 1 mL  min−1; Co = 100 mg L−1).
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Pig. 17. Yoon-Nelson plots for the adsorption of nitrate onto PTZE: effect of ﬂow
ate  (bed height 1 cm;  Co = 100 mg  L−1).
here KYN is the Yoon–Nelson constant (min−1).  is the time
equired for retaining 50% of the initial adsorbate (min) and t is
he sampling time (min). Yoon–Nelson model was applied to inves-
igate the breakthrough behavior of nitrate adsorption onto PTZE
olumn. The linear plot of ln
(
Ct
Co−Ct
)
versus sampling time‘t’ at dif-
erent ﬂow rates, bed heights and initial nitrate concentrations are
hown in Figs. 17–19 . The values of KYN and  were estimated from
he slope and intercept, respectively and summarized in Table 3.
s can be seen from Table 3 that the values KYN were found to
ncrease with increase in both ﬂow rate and inlet nitrate concen-
ration whereas the corresponding values of  decreased. With
ncrease in the bed height, the KYN values decreased while the 
alues exhibited reverse trend. This is due to the slower saturation
f the column at higher bed height. Higher values of correlation
oefﬁcients indicated that both Thomas and Yoon–Nelson models
tted well to the experimental data.
.5. Comparison with other adsorbentsThe comparison of performance of PTZE with reported adsor-
ents for the removal of nitrate from aqueous solution are shown
n Table 4. As can be seen in Table 4 that the PTZE is adequate for
Fig. 19. Yoon–Nelson plots for the adsorption of nitrate onto PTZE: effect of inlet
concentration (ﬂow rate 1 mL min−1; bed height 3 cm).
able 4
omparison of performance of PTZE for removal of nitrate with those reported in in the literature.
S.No. Adsorbents Optimum pH Contact time (h) qm (mg/g) Removal efﬁciency (%) Kineticmodel # References
1 Activated carbon prepared from sugar
beet bagasse (impregnated with ZnCl2)
6.58 15.48 41.2 PSO [51]
2 Thermally treated carbon derived from
pomegranate rind
2–3 6 4.6 – PSO [52]
3 Modiﬁed lignite granular carbon 5 0.5 4.4 – PSO [53]
4 Activated carbon – 24 8.68 – – [54]
5 M.  Oleifera hull – 48 11.78 – – [55]
6 Rice straw activated carbon 2–11 24 82 60 – [56]
7 Modiﬁed clinoptilolite zeolite 5 4 21.66 37 PFO [18]
8 Hydrous bismuth oxide 5–10 3 2.25 66 PFO [23]
9 Micrometer Phragmites australis anion
exchanger
6 3 6.97 56 PSO [57]
10 Granular chitosan-Fe+3 complex 3–10 1.5 9.03 80 PSO [58]
11 Acid activated Ethiopian bentonite clay 5 1.5 5.00 80 – [59]
12 Zr(IV)/sugar beet pulp composite 3 3 63.00 98 PFO [15]
13 Poly-o-toluidine Zr(IV)
ethylenediamine
4.5 1.5 20.08 80 PSO This work
 PFO = Pseudo ﬁrst-order.
SO = Pseudo second-order.
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itrate removal because it presented adsorption capacity similar
r even higher than those of reported adsorbents. However, rice
traw activated carbon and Zr/sugar beet pulp composite exhibited
igher adsorption capacities but requiring longer contact time to
chieve removal efﬁciency of 60% and 98%, recpectively. In case of
TZE, less time is required to achieve 80% nitrate removal. In most of
he cases, the adsorption data obeyed pseudo second-order kinetic
odel except modiﬁed clinoptilolite zeolite and Zr(IV)/sugar beet
ulp composite where pseudo ﬁrst-order kinetic model dominated.
.6. Desorption and regeneration
To study the desorption and regeneration, the ﬁxed bed column
acked with PTZE saturated with nitrate ion was selected. Des-
rption was carried out by passing 0.15 M NaOH solution through
he bed at a ﬂow rate of 0.5 mL  min−1 .The column was washed
ith double distilled water and treated with 1 M HCl to con-
ert the PTZE into Cl−1 form. The results of eight consecutive
dsorption–desorption cycles suggest that the nitrate can be des-
rbed effectively and regenerated adsorbent can be reused with
ess than 5% loss of adsorption efﬁciency for eight cycles.
. Conclusion
The adsorption of nitrate on PTZE was studied in batch process
t pH 4.5 and 27 ◦C. The maximum adsorption capacity was found
o be 20.08 mg  g−1. The kinetic data indicated that the adsorp-
ion process obeyed the pseudo second order equation. Elovich
odel suggested that the adsorption process is chemisorption in
ature. Boyd’s and intraparticle diffusion model suggested that the
dsorption process is controlled by ﬁlm diffusion upto 30 min  and
hereafter, the process is controlled by intraparticle diffusion pro-
ess. Bangham’s plots were found to be linear with R2 ≥ 0.9181,
ndicated towards the pore diffusion process.
Fixed bed column studies suggested that the sorption of nitrate
as dependent on the ﬂow rate, bed height and initial nitrate
oncentration. The increase in bed height and initial nitrate con-
entration resulted in higher uptake. With increase in ﬂow rate,
he uptake was found to decrease. Bohart–Adams, Thomas and
oon–Nelson models were applied to experimental kinetic data.
homas and Yoon–Nelson models provided better description of
xperimental kinetic data in comparison to Bohart–Adams model.
uccessful desorption and regeneration of PTZE demonstrated its
conomical value for water treatment process.
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